UNCLASSIFIED 
AD  NUMBER 


AD509420 

CLASSIFICATION  CHANGES 

TO: 

UNCLASSIFIED 

FROM: 

CONFIDENTIAL 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors;  Critical  Technology;  JAN 
1970.  Other  requests  shall  be  referred  to  Air 
Force  Rocket  Propulsion  Laboratory,  Edwards 
AFB,  CA  93523.  This  document  contains  export- 
controlled  technical  data. 


_ AUTHORITY _ 

31  Jan  1982,  Group  4,  DoDD  5200.10;  AFRPL  Itr 
dtd  5  Feb  1986 


THIS  PAGE  IS  UNCLASSIFIED 


THIo  REPORT  HAS  BEEN  DELIMITED 
mu  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DO5?  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE. 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


r 


( 


AUTHORITY: 


_ 


/  .  •  .  * 


1  > 


•Vi. 

» •  ■’  ■' :  1 


-■■■'••  \J/, 


•/ 


SECURITY 

MARKING 


The  classified  or  limited  status  of  this  report  applies 
to  each  page,  unless  otherwise  marked. 

Separate  page  printouts  MOST  he  marked  accordingly. 


THIS  DOCUMENT  CONTAINS  INFORMATION  AFFECTING  THE  NATIONAL  DEFENSE  OF 
THE  UNITED  STATES  WITHIN  THE  MEANING  OF  THE  ESPIONAGE  LAWS,  TITLE  18, 
U.S.C.,  SECTIONS  793  AND  794.  THE  TRANSMISSION  OR  THE  REVELATION  OF 
ITS  CONTENTS  IN  ANY  MANNER  TO  AN  UNAUTHORIZED  PERSON  IS  PROHIBITED  BY 
LAW. 


NOTICE:  When  government  or  other  drawings,  specifications  or  other 
data  are  used  for  any  purpose  other  than  in  connection  with  a  defi¬ 
nitely  related  government  procurement  operation,  the  U.S.  Government 
thereby  incurs  no  responsibility,  nor  any  obligation  whatsoever;  and 
the  :act  that  the  Government  may  have  formulated,  furnished,  or  in  any 
way  supplied  the  said  drawings,  specifications,  or  other  data  is  not 
to  be  regarded  by  implication  or  otherwise  as  in  any  manner  licensing 
the  holder  or  any  other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any  patented  invention  that 
may  in  any  way  be  related  thereto. 


CONFIDENTIAL 

(THIS  PAGE  UNCLASSIFIED) 


AfRPl-TR-70-7 


DEVELOPMENT  OF  A  LOW  COST 
CATALYST  FOR  HYDRAZINE  (U) 


'^5541^ 

vO 


FINAL  REPORT 

JANUARY  15,  1968  -  NOVEMBER  15,  1969 


by 

Martin  Liabarman 
William  F.  Taylor 


Prtparad  undar  Contract  No.  F04611-68-C-0044  for 

Air  Forco  Rockot  Propulsion  Laboratory 
Edwards  Air  Forco  Baso 
Edwards,  California  93523 

JIji;  i970 

Esso  Roport  No.  GR-7-DCH-70 

In  addition  to  security  requirements  which 
must  be  met,  this  document  is  subject  to 
special  export  controls  and  each  trans¬ 
mittal  to  foreign  governments  or  foreign 
nationals  may  be  made  only  with  prior 
approval  of  AFRPL  (RPPR/STINFO)  Edwards, 

California  93523 

Esso  Rosoarch  and  Enginooring  Company 
Govornmont  Rosoarch  Division 
Lindon,  Now  Jorsey 

CONFIDENTIAL 

(THIS  PAGE  UNCLASSIFIED) 


Declassified  After  12  Years 


I  ‘  .  r  ir  U”  tv>(  c 

i'i(i*f'r<rion  *lle(  ling 

tL ..  rt'i'  '*’<11  Vh-”sr  '  f  I* 

'  >*dips  Aiihin 

*•  .-d-  1'-^  1  r  tsp 

'  MP.*'  1  a  A  s.  Tillf  18. 

’  i  S  C  .  Sc'  rnris  7'J^  <f 

7'U  i'  e  (fd  S'''i’.»jon 

,■  f-.-' 

...  J.  y  ..  j..  ,,,,  J,, 

j  pofs'if*  r.  p' 

la* 

UNCLASSIFIED 


I 


AKK1'L-TK-/U-/ 


DKVKLOl’MENl'  OF  A 
LOW -COST  CAlALYSr  FOR  HYDRAZINE 


By 


Martin  Lieberman 
William  F-  Taylor 


Final  Report 

January  15,  1968  -  November  15,  1969 
Contract  No.  F04611-68-C-0044 


January  1970 


For 


Air  Force  Rocket  Propulsion  Laboratory 
Edwards  Air  Force  Base 
Edwards,  California  93523 


GR-7-DCH- 70 


In  addition  to  security  requirements  which  must  be  met, 
this  document  is  subject  to  special  export  controls  and 
each  transmittal  to  foreign  governments  or  foreign 
nationals  may  be  made  only  with  prior  approval  of  AFRPL 
(RPPR/STINFO)  Edwards,  California  93523 


UNCLASSIFIED 


UNCLASSIFIED 


-  i  - 

lOKKWoKI) 


(.1')  riiis  tLH'liii  iiM  I  ri'purt  was  |>ia|).iiiii  li>i  Ihi-  Air  lurii' 

KiK'kfl  l’ri>pii  Is  iiiii  l.aluu'at  orv  ,  K«.*sfari'li  aiul  I'l'i'liiu)  1  up.y  Divisiim,  l.dwards 
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1  .  SUM>L\KY 


(C)  An  aL-tivi‘,  lii^'.lily  stal)h‘  liydra/iiu-  nuMiopropc-l  lant 
decompos  i  t  Ion  catalyst  lias  lu'cn  developed.  This  latalyst  labeled  Ksso  “iOO , 
utilizes  rutlienium  for  its  active  component  and  thus  does  not  contain 
any  costly  and  strategically  limited  iridium  iiietal.  l.aboratory  and  3 
pound  thruster  studies  conducted  at  Ksso  Kesearch  and  KiiKineerinf;  Company 
and  5  and  25  pound  thruster  studies  conducted  at  the  Air  Force  Rocket 
I’ropulsion  l.aboratory  Indicate  that  Ksso  500  is  liiglily  active  at  low 
ignition  temperatures  and  shows  unusually  high  resistance  to  loss  of 
surface  area  during  motor  firing.  Data  obtained  at  botli  laboratories 
actually  indicated  that  Ksso  500  sliowed  no  Itiss  of  surface  area  after 
up  to  24  minutes  of  pulse  mode  firing  with  hydrazine. 

(U)  A  cobalt  containing  catalyst,  called  Ksso  101,  was 
also  developed.  This  catalyst  lias  much  lower  activity  than  Esso  500 
for  hydrazine  decomposition  at  Esso  101,  however,  is  active  at 

higher  temperatures  and  can  be  employed  where  short  ignition  delays  at 
low  temperature  is  not  required  and  where  extremely  low  cost  is  a 
desired  property. 

(U)  Results  of  studies  with  various  cobalt  containing  catalysts, 
cobalt-noble  metal  hybrid  catalysts  and  ruthenium  containing  catalysts 
using  several  different  substrate  materials  are  also  reported. 


CONFIDENTIAL 


CONFIDENTIAL 


J.  INTRODIICIIDN 

(LI)  llu‘  ori^iiuil  oh  ji'ct  ivo  of  iho  work  condiict oil  uiitlor  tliis 
contract  was  to  ilcvclop  a  low  cost,  r»'adily  available,  active  catalyst 
lor  tlie  decomposition  ol  liydrazine.  At  the  presi-nt  time,  an  activi-, 
low  temperature  spontaneous  catalyst  does  t-xist  lor  tlii‘  decomposition 
ot  hydraz ine--She  1 1  405.  However,  Shell  405  derives  its  activity  1 rom 
the  precious  metal  iridium  which  is  very  costly  and  limited  in  availability. 

(C)  In  the  early  stages  ol  this  program,  we  investigated 
several  alumina  supported  cobalt  and  cobalt-noble  metal  hybrid  catalysts 
as  hydrazine  decomposition  catalysts.  Though  cobalt  appeared  to  be  a 
very  active  liydrazlne  decomposition  catalyst  at  higli  temperatures,  it 
was  not  capable  ol  affecting  spontaneous  hydrazine  ignition  at  5°C.  The 
use  of  about  10  wt.  °L  of  the  metals  platinum,  palladium  and  ruthenium 
in  hyblid  combinations  with  cobalt  Improved  the  low  temperature  activity. 
Howevei ,  decomposition  rates  were  still  not  great  enough  to  cause  spon¬ 
taneous  ignition. 

(C)  A  more  detailed  study  with  the  metal  ruthenium  Indicated 
that  a  dramatic  Increase  In  hydrazine  decomposition  rate  could  be  ob¬ 
tained  if  the  ruthenium  was  deposited  on  an  alumina  substrate  containing 
no  cobalt.  Subsequent  work  with  ruthenium  on  alumina  showed  that 
properly  prepared  catalysts  at  the  30  wt.  \  ruthenium  level  had  activity 
approaching  that  of  Shell  405.  Ruthenium  appeared  to  offer  distinct 
advantages  over  iridium  as  the  active  hydrazine  decomposition  catalyst. 

It  is  much  more  widely  available  and  is  about  one  third  the  cost  of  iridium. 
Additional  studies  with  ruthenium  based  catalysts  showed  that  active 
ruthenium  catalysts  with  unusually  high  resistance  to  degradation  in 
pulse  mode  hydrazine  motor  firing  could  be  developed. 

(U)  This  report  discusses  results  of  these  studies  with  cobalt 
catalysts,  cobalt-noble  metal  hybrid  catalysts,  and  finally  with  supported 
ruthenium  catalysts. 
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3.  LI  TKICVll'KI';  SLIKVKY 


5.L.  Ai  tive  l.'atal ysj^s 


(C)  Work.  coiiciucLed  by  Siieil  DevolopinoiiL  Ci-iiipaiiy  lor  Llie 
National  Aeronautics  and  Space  Administration  (Contract  No.  NAS7-y/3 
indicated  tliat  the  best  possibility  for  obtaining  liigli  activity  and 
stability,  witliout  a  cost  limitation  lay  in  the  platinum  metals  or 
tlieir  near  neighbors  in  the  periodic  chartU).  Sliell  workers  iound 
that  ruthenium,  iridium  and  platinum  were  more  active  toward  hydrazine- 
decomposition  than  any  other  metal  with  the  binary  of  ruthenium  and 
iridium  being  the  most  active  of  all.  Other  metals  and  mixture  of 
metals  that  were  found  to  be  active  are  listed  in  Table  1  in  descending 
order  of  activity. 


Table  1 


(C)  Materials  Active  for  Hydrazine  Decomposition  - 


(2,3) 


Carbon  Carrier 

Alumina  Carrier 

Ru-Ir 

Ru-Ir 

Ru-Pt 

Ir 

Ir 

Ru 

Ru-Rh 

Ru-Pt 

Ru-Pd 

Fe-Co-Ni-Rh 

Ru 

Ru-Os 

Ir-Os 

Pt-Ir 

Fe,Co,Ni 

Pt-Os 

_ 
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riiiHi>;li  .iluiiiiii.i  li.is  .1  lowiT  ill'. It  ol  wotliiip  tli.iii  r.irlion,  it  i .ivn  i  1  ,ili  1 1- 
ill  iii.iiiy  1  lU  Ills ,  is  sulistaiit  i.i  1  ly  iiioft  .it  liip.li  tmiipi'r.itnri'i.  ,  and  i.  u;a  d 
.IS  .1  I'.ilal'.st  support  in  m.my  iiulusiri.il  pnu'i'ssi's  .  Altir  i  oiis  i  di-rab  1  o 
lost  Lug.  Sill'll  liiriiit'il  two  I'atalyst  I  oriiiulat  ions  wliiiii  wi-n-  .u  ;  ivi  at 
l^C:  A  J8''o  wt  .  iiii'Lal  o.italyst  with  a  Ka/lr  ratio  ol  .34  on  liarsliaw 

Al-14l)4  .ilumina  pollets  and  a  30  wt  .  %  Ir  catalyst  on  liarsliaw  Al-14(i4 
pi'Llt'Ls.  TTii'  lattor  torniulation  was  found  to  bo  iiioro  slalilo  and  was 
l.itor  namoil  "Siioll  405".  Tliis  catalyst  lias  boon  lostod  by  iiiaiiy  coiiipanio.s 
and  li.is  coiiipiiod  an  iiiiprossivo  record  of  stability  and  long  1  i  1  o .  liuw- 

ovor,  it  is  mado  from  o.xtremely  costly  iridium  wliicli  is  limited  in 
availabi  lity . 


(C)  Otlior  efforts  have  been  made  to  develop  an  active  liydraxino 
monopropelient  catalyst  using  more  readily  available  and  le.ss  expensive- 
transition  metals.  P.  C.  Mar.x,  at  lerospace  Corporation,  found  tiiat 
Girdier  T-323  (silica  gel  treated  w  30%  pre-reduced  cobalt  on  a 
Kieselgulir  support)  was  found  capable  of  initiating  decomposition  of 
hydrazine  at  33®C  and  restart  at  53‘’c(l^.  However,  tliis  catalyst  had 
poor  life  characteristics,  presumabiy,  according  to  Marx,  because  of 
tlie  difficuity  in  degassing  tlie  siiica  gei  at  iow  temperatures. 

(C)  Hang  and  Ward  found  that  the  combustion  of  cobait  and 
copper  on  activated  aiumina  showed  the  same  cataiytic  beliavior  after  a 
repeated  number  of  tests  (3^).  Liengme  and  Tompkins  at  London  Imperiai 
Coiiege  found  that  hydrazine  couid  be  decomposed  on  evaporated  tungsten 
fiims  at  temperatures  from  -78  to  0°C^A^.  However,  no  rates  were  pre¬ 
sented.  Their  efforts  were  aimed  at  examining  the  NH3/H2  ratio  at  dif¬ 
ferent  temperatures. 

(C)  Extensive  work  by  A.  F.  Grant  at  tlie  Jet  Propuision 
Laboratory  in  the  eariy  i950's  produced  a  series  of  cataiysts  using 
metaiiic  iron,  nickei,  and  cobalt  deposited  on  an  alumina  carrier(5^)  . 
They  were  active  at  high  temperatures  but  were  not  capable  of  spon¬ 
taneously  decompo.slng  hydrazine  at  room  temperature.  Some  of  these 
catalysts  are  readily  available  from  the  Harshaw  Chemical  Co, 

Cleveland,  Ohio,  e.g.,  nickel  catalysts  Ni-1600S  and  N1-1601T. 
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Mtcliauisim  ol  Hyilia/.  lnt  Dec uinpos  i Lion 
on  Catalytic  Snf t ac o b 


(C)  Almost  all  ol  tlio  livil  ra/.  i  lu'  he  t  o  i'o>.',i'ii*'oiis  (Ioi(jiu)jos  i  i  i  on 
roao  t  1  on  moolianisms  piosoiiti'd  postnlalo  an  oloi  iron  ilonor  sisj  ihmu  i- 
wlioioby  Iwdrai;  i  iU‘  Jonati-s  olictrons  to  vacaiuios  or  hoU-s  in  tin-  catalv.,: 
lattico.  I'or  oxampli.,  bborsl  o  in  aiul  (.la^isman  pL'stnlalo  a  nitroyL-n 
donor  riiuto  whioli  oan  iiocount  lor  liydra/.iiu-  tloLumpos  i  l  i  on  on  jjlaiinuii. 
blaok.  at  low  tompo  raturos  and  on  si  lira  at  intormodiati'  and  liiyji  toiniK-ra- 
tiiros  ^  ^  .  In  this  moclianism ,  hytlrazino  is  oliomisorbud  (Jii  lIil  catalvst 
bv  donating  oloctrons  from  tho  nitrogon  atoms  to  vaiaiuios  in  tin-  catalyst 
lattico  (d-band  lor  platinum).  llydrogi'ii  atoms  then  migrato  to  produi  o 
ammonia  as  woil  as  N)  and  11.^.  This  is  iJlustratod  by  tho  following 
schematic  equation  where  M  re|iresents  metal  atoms  and  0  metal  d-band 
vacanc ies . 


11  II 

2N,ll,  +  4M(0)  21IN-NI1  2NI1.,,  2M(0) ,  2M  -  Ml  (1) 

2  4  ,1  i 

M  M 


2M  -  NH  — >  +  H2 

Tho  overall  reaction  is  thus 

2N,,H,  ->  2NH„  +  N„  +  (2) 

2  4  J  2  2 


This  has  been  shown  to  be  the  mechanism  for  catalytic  decomposition  on 
platinum  black  on  acid  supports'—.  But  this  reaction  does  not  account 
for  some  experimental  results  obtained  with  Raney  Nickel.  Eberstein 
and  Classman  found  that  the  volume  of  gas  obtained  in  the  presence  of 
Raney  Nickel  is  always  greater  than  that  indicated  by  the  above  mechanism 
and  more  closely  agrees  with  the  following  overall  stoichiometric  reaction 

3N„H, ^2NH„  +  2N„  +  3H„  (3) 

2  4  3  2  2 

The  additional  hydrogen  produced  by  the  Raney  Nickel  at  low  temperatures 
is  believed  to  be  a  result  of  a  surface  dehydrogenation  of  adsorbed 
hydrazine  on  the  catalyst  surface.  However,  the  steps  in  the  mechanism 
of  surface  dehydrogenation  are  presently  not  clear.  Both  hydrazine 
dissociative  adsorption  (reaction  2)  and  surface  dehydrogenation 
(reaction  3)  occur  to  some  degree  in  heterogeneous  catalyzed  decomposi¬ 
tions.  The  nature  of  the  catalyst  surface  will  determine  wliich  reaction 
predominates . 
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I.L  )  1  A' i  ili'ili'i'  ol  .  ill  till-  muaIi.iii  i ‘.1!I  nl  [In-  In’ t  1  i  IJI'IIUIUI^, 

i  t  U'li  iM  IisaI  1  .1  A  i  Ilf  willi  \.'i'iv  I  I  fli.iiij’i’,'.  ill  f.il.ilv.'.i  :  oiiipu:.  i  t  i  •  .ii 
is  1  i'iukI  in  llif  Wf  i  k  nl  Vofllii  ,iiul  Ktiliii^'*^.  llu-.-.f  wnikfis  j>liKliiA!  tin- 
Ji'f  fiiipfs  i  t  inn  I'l  _i;.isffus  livd  i  .i.' i  lu-  on  niiki'l  sn|i|ioitfil  hv  dopcj  Mp.O.  lin- 
nflivntion  I'lU'ipv  lot  livdr.i/iiif  lU- fonipiis  i  l  ion  w.i:.  oln.fiVfd  to  i  li.iiipi-  Ir  n:; 
Id  kf.i  1  iiio  K  1  oi'  (1,1^  i  t  o  111  Kf.il/inoK-  will'll  l.i*  was  nst-il  .ii.  tin  dop.nil  . 


tt'l  Siiiii  1 .11' Iv  ,  llif  .Sovii't  Ilf  ii'iit  i  St  ,  V.  M.  I'lovlov,  I  oniiiJ  tli.it 
till'  I'.itf  ol  ilf  foiupos  i  t  ion  ol  livil  I'.i:',  i  Ilf  on  pi-nii.iii  i  iim  ilfpi'iiilfd  on  tlif  i  un- 
ffiitiMtiiMi  ol  .intimonv  dop.int  in  tiu'  ^f  nii.iiiiuiii  sinplf  ftv.s'.als  (  U)) .  Iroviov 
.It  l  r  ii'ntfs  .iiiiiiioiii.i  lonii.it  ion  in  tliis  stiidv  to  a  I'l'.nlion  iiio  o  li.in  i  sii.  ana  loroin. 

to  (,  n  .  i  .  f  .  , 


Ilf  +  .111,11,-- >  tlfiiN,,!!,  >  nNlI  , 


(gas) 


+ 


(all) 

n 


(ads.) 


J.J  Heat,  Maas  Transter  and  Catalyst 

bed  Desien  Considerations 

(C)  A  detailed  matlieiiiatical  tiiuilysis  of  the  steady-state  and 
transient  behavior  of  hydrax.ine  retietors  lias  been  eondueted  by  A.  S. 

Heston  at  United  Aircraft  Researcli  Laboratories  ^  .  Heston's  mathematical 

model  contains  a  detailed  description  of  the  heat  and  mass  transfer 
processes  in  the  pores  of  tlie  catalyst  pellet.  He  considers  both  thermal 
and  catalytic  decomposition  of  reactants,  along  with  simultaneous  heat 
and  mass  transfer  between  the  free  gas  piiase  and  the  gas  within  thc- 
pores  of  the  catalyst  pellets.  The  results  of  his  steady-state  analysis 
indicate  that  the  steady-state  a.xial  temperature  in  the  catalyst  bed  rises 
very  sharply  in  the  first  inch  cf  tlie  bed  after  fuel  injection  to  a 
level  of  about  1200°F  and  tlien  slowly  drops  off  down  tlie  lengtli  of  the 
bed.  The  practical  implication  of  this  result  is  the  possibility  tliat 
a  very  thin  active  catalyst  bed  is  required  to  ignite  and  sustain  hydrazine 
decomposition.  In  fact,  a  long  bed  appears  undesirable  because  it 
permits  ammonia  decomposition  whicli  causes  the  gradual  temperature  drop 
in  the  bulk  of  the  catalyst  bed.  L.xperimental  data  obtained  at  Rocket 
Research  Corporation  agree  closely  with  Keston's  theoretical  results  on 
axial  temperature  and  gas  concentration  profiles  (12) . 

(C)  In  accordance  with  these  results,  J.  0.  Drake  conducted  a 
study  to  determine  wliethcr  a  practical  catalyst  bed  consisting  of  a  tliin 
layer  of  spontaneous  catalyst  (16.5  volume  percent  Shell  405)  could  be 
used  in  conjunction  witli  a  larger  less  expensive  non-spontaneous  catalyst 
(83.5  percent  llarshaw  IlA-3)  to  produce  a  workable  lower  cost  spontaneous 
catalytic  system^jLl^.  Tests  were  run  witli  a  fuel  containing  63  percent 
hydrazine,  27  percent  water,  and  10  percent  liydrazine  nitrate.  The 
results  of  Drake's  experiments  were  promising  but  ineonclus ive.  Spon¬ 
taneous  ignition  took  place  over  a  wide  range  of  temperatures  but  not 
at  the  very  cold  -65'’F  level.  Ignition  delay  times  were  high;  approxim.ile  1  v 
0.  I  sec.  (pparently,  a  liiglier  spontaneous  eatalyst  loading  is  required 
for  very  low  (-bb^V)  ignition.  Further  work  in  Lliis  .ire.i  is  required 
to  develop  the  (  oncept  .  iiii'  idea  .sei-ms  I'ven  more  practii'.il  for  a  pure 
liydrazine  propellant  whieii  operates  above 
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LU)  Tin.'  liasic  i  111  iirmal  ii)ii  rt‘(|ii  iii-ii  t  ii  .sal  i  s  1  ai.  l  nr  i  1  y  ciiiiiu- 
tilt'  per  t  ormaiKo  nl  a  liydraz  i  no  dooi)in|ii).s  i  t  ion  t.il.ily.sL  ini.liulo.s  ilu  i.so- 
Llloniial  low-tompoiaLni  o  aoLivily  and  llio  .ippaionl  aclivaLion  onoi/v  lot 
tho  dooonipos  i  L  ion  pioooas.  T'lio  lattor  is  olit.iinod  Ly  moa.suroiiioiiL  .s  ol 
;,lio  catalvLic  activity  at  sovoial  toinpoiaturo  levels  and  Llie  l  uiis  t  mil  t  i  on 
ot  vin  Arrlienins  ['lot  with  tliis  data.  The  slope  ol  .1  plot  ol  the  loy  ul 
the  rate  ot  decomposition  vs.  the  reciprocal  ahsulnte  temperature  is 
taiten  as  the  apparent  activation  enerpy  lor  a  piven  catalyst-reactant 
system. 

4.1  Isothermal  Rate  Measurement 
Apparatus  and  Method 

(U)  The  method  used  to  evaluate  the  isothermal  rate  ol  hydra- 
nine  decomposition  consists  ot  measuring  the  change  in  pressure  ot  a 
calibrated  constant  volume  container  over  a  period  ot  time  during  the 
decomposition  reaction.  This  technique  was  previously  used  by  the  Shell 
Development  Company  and  was  shown  to  produce  reliable  results^-^.  The 
apparatus  used  to  make  the  measurements  is  a  replica  ot  the  one  used  by 
Shell  scientists  and  is  depicted  in  Figure  1.  In  a  typical  run,  powdered 
catalyst  material  is  placed  in  the  5  cm^  glass  reactor  which  contains  a 
Teflon  coated  magnetic  stirrer.  The  entire  apparatus  is  evacuated,  gas 
collector  vessel  isolated,  and  the  glass  reactor  filled  several  times 
with  helium.  A  hypodermic  needle  is  used  to  inject  hydrazine  into  the 
glass  reactor  which  has  been  previously  chilled  with  dry  ice.  The  reac¬ 
tor  is  deliberately  kept  very  cold  when  the  hydrazine  is  injected  to 
guard  against  a  sudden  gas  surge  with  an  active  catalyst.  A  temperature 
for  study  is  chosen,  the  dry  ice  bath  removed  and  replaced  with  a  constant 
temperature  bath  mounted  on  a  magnetic  stirrer.  A  small  charge  of  catalyst 
is  used  in  Che  reactor  so  that  isothermal  conditions  are  approached  by 
active  stirring  of  the  catalyst-hydrazine  reaction  slurry.  As  gas  is 
formed  in  the  reactor,  it  passes  into  the  gas  riser  leg  shown  in  Figure  1 
and  is  discharged  into  the  gas  collection  chamber.  The  decomposition  is 
followed  by  observing  the  change  in  gas  pressure  in  the  collector  vs. 
time.  This  technique  has  been  found  to  yield  substantially  linear  plots 
of  gas  formation  vs.  time  for  almost  all  runs.  The  rate  of  decomposition 
of  hydrazine  at  a  specific  reactor  temperature  is  taken  as  the  slope  of 
this  line. 

4.2  Five  Pound  Hydrazine  Monopropellant 

Thruster  _ 


(U)  Evaluation  of  a  hydrazine  decomposition  catalyst  in  an 
actual  monopropellant  catalyst  engine  is  required  to  completely  characterize 
its  start-up  performance  and  life.  Thus,  a  5  lb.  tliruster  was  designed 
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anti  cons  true  toil  tor  our  catalyst  ova  Inat  ion .  'I'lio  basic  unit  cotisists  oi 
a  l"D  X  J"L  Typo  304  S.S.  catalyst  cliambor  i  nst  riimont  i-d  with  1/10"  inioin- 
shoatlied  chroino  1 -a  lumo  1  thormoconplos  and  'lolodym-  pn-ssiiro  transdunis. 
Ignition  delay  and  fuel  piilso  duration  is  nioasurod  l)y  a  diroil  writing 
ocillograpli  with  a  t’roqiioncy  response  of  5000  cps.  Fuel  is  stored  under 
nitrogen  gas  pressure  and  injected  tliroiigli  a  80°  cone  fuel  injector. 
Nitrogen  gas  automatically  covers  the  catalyst  bed  when  no 
fuel  (hydrazine)  is  flowing.  The  test  thruster  is  not  designeii  for 
flight  operation.  its  purpose  was  to  provide  a  system  to  measure  the 
comparative  performance  of  several  catalysts  in  adiabatic  engine  opera- 
t  ion . 

4.3  Laboratory  Adiabatic  Spontaneous 

Decomposition  Test 

(U)  A  simple  test  aimed  at  simulating  monopropellant  engine 
ignition  and  thereby  repeatedly  subjecting  catalyst  pills  to  high  tempera¬ 
tures  was  constructed  and  used  in  our  laboratories.  This  test  consisted 
of  partially  filling  a  glass  tube  with  catalyst  and  charging  the  tube 
with  cold  hydrazine.  Observations  made  during  the  test  included  the 
time  required  to  start  the  reaction,  the  duration  of  the  reaction,  the 
physical  condition  of  the  catalyst  pills  after  firing  and  the  number  of 
times  the  high  temperature  reaction  could  be  sustained.  The  unit,  de¬ 
picted  in  Figure  2  ,  provided  a  convenient  and  rapid  means  of  determining 
catalyst  relative  activity  and  strength. 
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b.  LOKAl.  1  ISASI-.U  liAl'Al.YSl.S  -  1-..S.SU  lUl)  hl.Kll-.S 
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(C)  Tlio  Lsso  lUl  L'.italyst  consists  ol  bO  wL.  /„  cobalt  metal  .iiid 
40  wt  .  Aljt'j,  botli  co-prec  i  p  i  tateil  I  roni  aqueous  solution.  Mie  lu- 
proc  ip  i  t  at  ion  technique  offers  a  unique  way  of  disperslnj>  active  luetal 
cc'balf  crystallites  in  a  matrix  ot  alumina,  thereby  providing  a  means  of 
preventing  cobalt  sintering  and  ci>ncomltant  lt)ss  of  active  catalyst  area. 
Details  of  tlie  Ksso  101  preparation  process  are  given  In  Appendix  h. 

(L')  Binary  metal  compositions  used  in  this  study  were  obtained 
by  introducing  the  required  stoiclilonietr ic  amount  of  iron  and  nickelous 
nitrate  salts,  respectively,  before  precipitation. 

(U)  The  hybrid  catalyst  niCLal  variations  discussed  in  the  next 
section  of  this  report  are  fabricated  by  means  of  impregnating  the  Esso 
101  catalyst  in  the  "as  calcined"  stage  with  noble  metals,  drying  the 
impregnated  catalyst  and  reducing  the  mixture  as  above. 

5.2  Isothermal  Rate  Studies  of  Esso  101 

(U)  Isothermal  decanposition  rate  measurements  of  hydrazine 
on  the  basic  Esso  101  catalyst  powder  were  made  in  our  glass  reactor. 

As  can  be  seen  in  Table  2,  these  measurements  indicated  that  Esso  101 
had  a  much  lower  room  temperature  activity  than  Shell  405. 


Table  2 


Low* Temperature  Activity  of  Esso 

101  Powder 

Catalyst 

Hydrazine  Decom¬ 
position  Rate  at  23*C 
cm^  (STP)/min-gir 

Apparent* 
Activation  Energy 
Kcals/Mole 

Esso  101 

75 

23-28 

Shell  405 

2,200 

17-22 

*The  term  "apparent  activation  energr"  refers  to  the  activation  energy 
displayed  by  catalyst  particles.  It  includes  any  effects  due  to  mass 
transfer  through  the  catalyst  pores.  The  apparent  activation  energy  is 
obtained  by  measuring  the  slope  of  a  plot  of  hydrazine  decomposition 
activity  vs.  the  reciprocal  of vt.he  absolute  temperature. 
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(II)  rill-  .ill  i  V. It  ion  I'lUMjiv,  I'll  i.lu-  itlu-f  li.iiid,  .ippi-.i  ii-d  Id  lx 
soiiii'wli.it  lii^liiT  tli.iii  tli.it  ii'i'or  t  I'll  l)v  Sill'll  sc  ii'iit  i  s  t  .s  lUr  Slu-ll  lUs. 

Sliol  1  '  .s  scii'iUi.sts  I  on  III!  in  tlii‘  coiirsi'  oi  tlu-ir  work,  lli.it  .i  c.ital','  t 
niii.s  t  have  .1  iiiinimnm  activi'i'  of  7')  cm  */ni  i  ii-j.'iii  to  ho  spout  aiicmis .  line  , 

.It  low  temper.i  I  iirc.s ,  lisso  11)1  woiiKl  li.ivt-  loo  lon^;  an  iy’iiitiop  deJav 
time.  l(.tni  til'll  delay  iiiisisnieiiu-nt  s  on  lisso  101  in  oiir  ')  1  h .  thruster 
ci'iitirnii'd  this  predii'tion.  Work  w.is  thus  condiuted  to  improvi-  Liu-  low 
temperature  .ictivity  of  Ksso  lOl.  Oiu-  .ippro.ich  irii-d  at  improving, 
low-temper.it nri“  activity  Wxs  to  increase  tin-  .'oh.ilt  loading  ol  the 
cata  lyst . 

iiltect  of  llobalt  Concent  rat  ion 

(C)  The  h.isic  compos  ition  ol  Esso  iUl  is  bU  wt.  /  Co  -4b  wt. 
AljOj.  To  determine  wlietlier  a  cliani;e  in  cobalt  cone  eiiLr.i  t  i  on  would 
affect  the  catalytic  activity,  we  prei'.ired  cat.ilyst  powders  with  50  and 
70  wt.  /„  cobalt,  respectively.  These  lormulations  were  tested  in  the 
isotliernial  reactor  at  three  different  temperatures.  The  results,  de¬ 
picted  in  Figures  3  and  4,  showed  a  definite  effect  of  cobalt  concentra¬ 
tion.  The  70  wt.  7,  cobalt  toriiuilation  was  more  active  than  Che  60  wt. 
formulation;  the  50  wt.  4  formulation  had  significantly  lower  activity. 
Increasing  the  concentration  to  80  and  WX  gave  further  improvement  in 
activity  Chough  Che  relaCive  increase  appears  to  level  off  at  very  high 
cobalt  concentrations.  Higher  cobalt  concentrations  gave  higher  catalyst 
activity,  dispite  the  fact  that  the  total  BET  surface  area  was  lower. 

(U)  The  apparent  activation  energy  for  catalyst  hydrazine 
decomposition,  on  the  other  hand,  was  not  altered.  It,  thus,  appears 
that  increasing  the  cobalt  concentration  in  the  catalyst  formulation 
could  result  in  some  reduction  in  the  low-temperature  ignition  delay 
but  that  this  reduction  would  not  be  sufficient  to  yield  a  catalyst 
that  affected  spontaneous  hydrazine  decomposition  at  0°C.  Thus,  other 
approaches  were  tried. 
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5.4  Effect  ot  Other  Transition  Metals 

(U)  Alterliin  the  "d  baud"  vacancy  ol  a  transition  metal  catalyst 
Is  another  means  of  clian^iny;  its  catalyt  ii'  activity.  In  anotlier  approach 
at  improvinj*  the  low-temperature  activity  of  the  basic  Ksso  iOl  tormula- 
tion,  we  attempted  to  study  the  effect  of  introducing  the  metals,  nickel 
and  iron,  into  the  Ksso  lUl  formulation.  Modifications  containing  co¬ 
precipitated  nickel  and  iron,  respectively,  were  screened  in  the  laboratory 
isothermal  reactor.  Tlie  resulting  activity  of  these  catalysts  are  presenteil 
in  Table  3. 


Table  3 

(C)  Effect  of  Co-Preclpitatlng  Nickel 
and  Iron  witn  Cobalt 


Catalyst  Composition 

Hydrazine 

Decomposition  Rate  at  23°C 
cm^  (STP) /min-Kir 

60  wt.  %  Co-40  wt.  %  A1„0 

80 

(Esso  101) 

40  wt.  %  Co- 20  wt.  %  Ni 

18 

40  wt.  %  Al20^ 

40  wt.  %  Co- 20  wt.  %  Fe 

1 

40  wt.  %  AI2O3 

(U)  Both  the  nickel-cobalt  and  iron-cobalt  formulations  showed 
much  lower  Isothermal  low-temperature  activity  than  the  basic  Esso  101 
formulation.  It  is  difficult  to  explain  this  severe  loss  in  activity 
resulting  from  binary  transition  metal  formulations.  However,  the 
negative  results  of  the  preliminary  binary  transition  metal  formulation 
studies  did  not  justify  any  further  effort  on  this  approach  with  nickel 
and  iron. 
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>.3  KLtecL  ot  CaLalvst  Prepaigtiun  Tucliiiiuiiu 

(U)  The  basil-  Kssi)  hytirazliii*  ilfconipos  i  t  ion  catalyst  consists  of 
cobalt  and  alumina  co-procipitatod  from  aqiiooiis  si)lutli>n,  TTic  catalyst 
was  orlnitiallv  prepared  by  dissolution  of  the  nitrate  salts  of  cobalt  and 
alumina  followed  by  the  co-precipitation  of  the  oxides  of  these  metals  and 
subsequent  reduction  of  the  cobalt  oxiile  to  the  metal.  In  the  original 
preparation  procedure,  precipitation  was  affected  by  means  of  the  slow 
addition  of  ammonium  bicarbonate  to  a  well  stirred  solution  of  the  nitrate 
salts  at  150°^.  The  von  Weiinarn  theory  of  precipitation  predicts  that  hlsh 
surface  area  precipitates  result  from  precipitation  under  conditions  that 
yield  a  hif^h  decree  of  local  supersatiirat ion  rapid  addition  of  precipitating 
agent,  no  stirring  of  solution,  low  temperature  of  solution.  We  attempted 
to  utilize  this  theory  to  Increase  the  surface  area  of  the  resulting  pre¬ 
cipitate  and  hopetully  also  improve  the  low  temperature  activity  of  the 
resulting  catalyst. 

(C)  Two  variations  in  the  precipitation  procedure  were  tried: 

(a)  the  low  temperature  (0*C)  addition  of  anmonium  bicarbonate  to  a  solu¬ 
tion  which  was  not  stirred  and  (b)  the  addition  of  the  cobalt  and  aluminum 
nitrate  salts  to  a  cold  solution  of  ammonium  bicarbonate,  i.e.,  using  a 
mixture  of  the  nitrate  salts  as  the  precipiting  agent.  The  results  of  this 
experiment  are  given  in  Table  4. 


Table  4 


(C)  The  Effect  of  Precipitation  Procedure  on  the  Surface  Area 
of  Co-Precipitated  Cobalt-Alumina  Catalysts 


Procedure 

Surface  Area 
m^/em 

Conventional 

61 

Low  Temperature 

100 

Low  Temperature-Salt  Precipitation 

129 

(1)  All  preparation  procedures  resulted  in  a  catalyst 

composition  of  83%  Co-17%  Al20^ 
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LC)  Bi’lli  iiiixJ  i  1  1 1'.il  1  oils  III  till'  |i|  I'l  1 1>  i  1 .1 1  i  on  |il  oc  I'diil  i’  ii’sull(.-(l 
ill  i  111' foasod  (.atalysl  suilaii'  aioa.  Low  ioiii|'oi  at  ui  o  jiii'i  ijuialioii  in- 
oieasod  till'  suitai'i'  aii'a  ba'/l.  and  llio  low  t  oinin' r  a  t  ii  i  i' ,  nitiati-  salt  |ii  i-i  i- 
lilLalii'ii  inoro  lliaii  donlilod  tlio  snttaio  alia  wlii-ii  i  oiM|iai  od  with  tin- 
ooiivoiU  ii'iial  1  y  lUi-patoil  catalyst.  Uiit  oit  nnalo  ly  ,  tlio  low  ti'iii|iit  aim  i 
activity  pcf  i',f.uii  ol  catalyst  w.is  not  iiii|uovod  hy  tliosc  mod  i  I  ii  at  i  ons 
in  catalyst  piciiaiat  i  on  |iioccdmc.  This  implies  that  the  imrease  in 
suitace  area  was  mainly  due  to  an  increase  in  the  alumina  surlace  are.i, 
and  not  the  cohalt.  Siihstantial  improvements  in  the  heat  ol  wettin,  , 
larf;ely  a  tnnetion  ol  the  siippoi  t  snrlace  .irea,  would  he  expected  lor 
the  hiiiher  surlace  area  catalysts.  However,  it  seemed  unlikely  that 
these  improvements  would  snhstanlially  improve  the  low  lemiierature  acti¬ 
vity  ot  the  tinished  catalysts.  Thus,  tnrlher  pursuit  ol  this  aiiproach 
was  abandoned. 

5.13  Screening  ot  Non-Noble  Metal  Catalyst 
Materials _ 


(C)  Several  non-noble  metal  and  metal  oxide  catalysts  were 
screened  for  low  temperature  hydrazine  activity  using  our  laboratory 
adiabatic  screening  test,  i.e.,  by  observing  the  presence  of  any  gas 
evolution  when  cold  hydrazine  (2‘’C)  was  added  to  catalyst  samples  in  a 
test  tube  reactor.  We  took  advantage  of  the  availability  of  a  wide 
range  of  complex  inorganic  materials  which  were  synthesized  in  the 
Esso  laboratories  for  electronic  and  electrocatalytic  applications. 

These  materials  included  transition-metal  phosphides,  non-stoichiometr ic 
oxides  and  non-stoichiometric  tungstates.  The  materials  tested  are 
presented  in  Table  5.  None  showed  any  sufficient  level  of  activity 
to  warrant  further  evaluation. 
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Table 


Screening  of  Potential  Non-Noble 

Metal  Catalyst  Materlalh 

Material 

Hydrazine  Decomnosi t  Ion 
Activity  2“C 

Nickel  Pliosphlde  NiP 

No  Activity 

Cobalt  Piiosphlde  C02P 

No  Activity 

Titanium  Phosphide  Tij^P 

No  Activity 

Chromium  Phospliide  Cr2P 

No  Activity 

Manganese  Phosphide  Mn3P2 

No  Activity 

Niobium  Phosphide  NbP 

No  Activity 

Rhenium  Metal 

Slight  Activity 

CrWO^ 

Slight  Activity 

Cr  +  1.45  WO^ 

No  Activity 

Cr203*W02 

No  Activity 

CR2W4O4 

No  Activity 

^*^2^3  *  ^^2 

No  Activity 

^°.263”S 

No  Activity 

"^145”°3 

No  Activity 

No  Activity 

CvO^ 

Slight  Activity 

W  +  WOj  +  Cr^Oj 

No  Activity 

Cr20^  +  WO2 

Slight  Activity 

(1)  Test  consists  of  the  addition  of  anhydrous  hydrazine  at  2°C 
to  powdered  catalyst  samples  and  observing  the  gas  evolution. 

(2)  No  Activity  -  defined  as  no  noticeable  effervescence  of 
hydrazine  after  5  minutes. 

Slight  Activity  -  defined  as  some  effervescence  but  less 
than  what  would  be  observed  with  a  similar  charge  of  Esso 
101  powder. 
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6.  HYBRID  CATALYST  STUDIES 

(C)  Another  approach  to  reducing  the  low- temperature  ignition 
delay  of  Esso  101  was  to  incorporate  small  quantities  of  readily  reduced 
transition  metals  into  the  catalyst  formulation.  Small  additions  of 
these  metals  could  provide  appreciable  surface  area  which  would  not  have 
any  oxide  layer  resulting  from  desensitization  procedures.  Furthermore, 
low  concentrations  of  readily  reduced  metals  (less  than  1  wt.  7.)  such  as 
platinum  and  palladium  have  been  observed  to  enhance  the  activation  of 
nickel  catalysts  by  hydrogenC^).  Similar  enhancement  was  expected  for 
cobalt.  The  cost  of  incorporating  small  quantities  of  these  readily  re¬ 
duced  transition  metals  would  not  be  great;  e.g.,  1  wt.  7.  of  a  metal 
costing  $100/ troy  ounce  would  add  only  $15/ lb  to  the  cost  of  the  catalyst. 
This  approach  appeared  promising  and  was,  thus,  studied  in  the 
laboratory. 

6.1  The  Effect  of  Low  Concentrations  of 

Noble  Metals - 

(C)  Readily  reduced  transition  metals  were  added  to  the  basic 
Esso  101  preparation  after  the  calcining  step.  Salts  of  palladium, 
platinum  silver  and  gold  were  dissolved  and  impregnated  into  different 
batches  of  calcined  Esso  101,  dried,  and  reduced  as  described  in  the 
standard  procedure  for  fabricating  Esso  101  catalyst  powder.  The  various 
preparations  were  then  individually  tested  in  the  isothermal  laboratory 
reactor.  The  results  of  these  isothermal  rate  measurements  are  given 
in  Table  6. 


Table  6 

(C)  Isothermal  Rate  Measurements  of 

Esso  101  Catalyst  Powders  Containing 
Small  Quantities  of  Readily  Reduced 
Transition  Metals 


Catalyst 

Hydrazine  Decomposition  Rate 
at  23®C  cm3  (STP)/min-Rm 

101 

80 

101  +  1%  Pd 

100 

101  +  1%  Pt 

55 

101  +  1%  Ag 

42 

101  +  1%  Au 

65 

CONFIDENTIAL 


CONFIDENTIAL 


.>  1 


(C)  Only  llii-  pa  L 1  ail  i  tmi  1  urninl  at  i  on  shuwoil  any  activity  iiiipruve- 
ment  ovot  tlic  basic  Lsso  101  catalyst  at  23“C.  On  tlic-  otlic-r  band,  lurimi- 
lations  incotporat  iny,  platinum,  polil,  and  silver  appeared  to  lie  .soinewlial 
less  active.  In  terms  ol  these  results  alone,  one  would  not  exjiect  a 
signiiicant  improvement  in  low- temperature  ipnition  delay  jierlormance  ol 
the  mod  i  i  ied  catalysts.  However,  we  lelt  that  tlie  advantage  ol  liavinp 
some  metal  surtace  which  is  unallecteil  by  tlie  passivation  stip,  present 
in  the  cobalt  catalyst  I'ormulat  ion,  may  not  have  been  clearly  seen  in  tlii' 
isothermal  laboratory  reactor  tests.  We  thus  evaluati-d  the  i^;nitlon 
delay  iit'  tliese  prep. iriit  ions  in  i»ur  3  lb  thruster.  We  also  continued 
screeninj;  otlier  re.idily  reduced  transition  metals. 


b . 2  Et'tect  ol'  Higher  Concentrations  ol  Noble  Metals 

(C)  Initial  studies  indicated  that  the  incorporation  o£  palla¬ 
dium  metal  into  the  cobalt-alumina  catalyst  formulations,  at  the  1  wt.  7. 
level  caused  an  improvement  in  low  temperature  activity.  Tims,  higher 
palladium  metal  loadings  were  studied.  In  addition,  higher  loadings  of 
platinum  on  the  cobalt-alumina  catalyst  were  evaluated.  The  results  of 
the  isothermal  low  temperature  decomposition  tests  using  these  and  other 
hybrid  formulations  are  presented  in  Table  7. 


Table  7 


(C)  Effect  of  Readily  Reduced  Transition  Metals  on  the 

Low  Temperature  Hydrazine  Decomposition  Activity 
of  Cobalt-Alumina  Catalysts 

Catalyst 

Hydrazine  Decomposition  lute 

af  21® f!  rm^fSTP  1 /td’I  n— am 

Esso  101 

80  (base) 

101  +  1%  Pd 

105 

101  +  10%  Pd 

128 

101  +  1%  Pt 

56 

101  +  10%  Pt 

160 

101  +  1%  Rb 

80 

Raney  Co-Pt  alloy 

64 

10%  Pt 

Shell  40S 

270  (10*0 
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(,C)  1  111.  roas  i  11}',  thi-  pal  L  ail  i  uiii  i  oiii  lail  i  at  i  on  to  lU  wl.  iisulti- 

ill  a  o0,o  ini' loasi'  in  isoLtii'iiii.il  aitivily;  incriasiii,  lln-  plaUiniiu  luinin- 
iraLioii  to  ID  wt.  ''L  yii'liloil  a  lalalyi^t  with  twin.'  tlii'  aitivily  ol  hs.so 
lUl  at  TIu'Si'  iiiiprovoiiiniit  s  wi-ii'  vii  y  fiitniii  a}' i  ii}, .  llowwii  ,  they 

still  wore  not  ikmiIv  larni'  I’lioiipli  l  i  .it  tor*  snout  aiioini.s  latalyiil  iy.nilii 
J“C.  Some  iiiiproviMiiiMil  would  ho  oxpooLod  in  tlio  i}'nitiun  delay  ol  lal.i- 
lysts  tired  at  room  temperalnre .  Sneli  was  aelnally  ohserved  wlieii  ,i 
I'obalt-aLiiiiiiiia  catalyst,  contaiiiiii}.;  lU  wt.  'L  I’d  was  lired  in  a  0  Ih 
thruster.  Table  ti  sniiuiiar  izes  the  results  ol  this  test. 


Table  b 


(t:)  Ignition  Del.iy 
Cobalt  Hybrid 

of  I’.illadiiim 

Catalyst 

Catalvst 

Ignition'--’ 

Delay  at  23“C  msecs 

Cobalt-Alumina  Catalyst 

1,200 

Cobalt-Alumina  +  10  wt%  Pd 

400 

(1) 

Catalyst  consisted  of  83%  cobalt  -  17%  Al.O  packed  in  ]/2"  >: 
l/2"S.S.wire  baskets. 

C2) 

Runs  compared  on  the  3r.i  firing  in  3  io  taruster. 

(3) 

ignition  aeiay  time  does  not  include  valve  response  and  fuel 
flow  dead  time  which  fs  annrnximatply  60  msecs  In  our  test 
system. 

(C)  The  incorporation  of  10  wt.  7o  Pd  into  the  cobalt-almnina 
catalyst  improved  the  ignition  delay  of  the  catalyst  after  the  bed  ..'as 
activated  by  two  initial  firings. +  However,  this  improvement  was  ins 'i- 
ficient  to  affect  spontaneous  ignition  of  the  catalysts  in  the  5  lb 
thruster . 


6.3  Isothermal  Evaluation  of  Cobalt- 
Ruthenium  Hybrid  Catalysts _ 

(C)  The  incorporation  of  readily  reduced  transition  metals 
into  our  cobalt  catalyst  formulation  have  improved  the  low  temperature 
activity  and  ignition  delay  of  the  cobalt  catalyst  system.  The  experi¬ 
mental  data  indicated  that  the  incorporation  o  platinum  and  palladium 
into  alumina  supported  cobalt  preparations  improved  the  isothermal 


*Tiie  Es.si)  3  lb.  tliruster  doe.s  not  represent  a  flight  type  design. 
Ignition  delay  data  are  thus  useful  only  on  a  comparative  basis. 

♦■Catalyst  performance  was  evaluated  on  tlie  third  firing  to  avoid 
any  confounding  effects  of  re.sidual  o.xide. 
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activity  anil  ignition  delay  ol  Esso  lUl  type  catalysts.  This  work  was  ex¬ 
tended  to  riitheninin-cobal  t  hybrid  catalysts.  Kulheiiiuiii  was  a  i)ar  ticular  ly 
attractive  transition  metal  to  work  witli  because  ol  its  wide  avail¬ 
ability  and  reasonable  cost.  Inlonuation  iiuide  .available  to  l.ssu 
Research  and  Eni;ineering  Co.,  indicated  that  there  is  about  lit), 000  troy 
ounces  of  rutheniuni/year  avaiiable,  primarily  trom  two  sources:  the 
Johnson  Matthey  and  Co.  (as  a  by-product  ot  K‘Jld  and  platinum  relinin;.;) 
and  the  Intermit  tonal  Nickel  Co.  (as  a  by-prodiu  t  of  copper  and  nickel 
refining).  Tliere  is  also  believed  to  be  a  substantial  backlog  of  this 
metal  presently  available. 

(C)  Several  rutheniuin-cobal L-aluniina  catalysts  were  prepared 
by  different  fabrication  techniques.  These  included  107.  rutlienium  on 
oxide  sintered  cobalt-alumina  (prepared  by  co-precipitation),  Esso  201; 
a  structure  consisting  of  127.  ruthenium  prepared  by  co-impregnation  of 
alumina  with  cobalt  ruthenium  solution,  Esso  202;  and  a  structure  con¬ 
sisting  of  227.  ruthenium  prepared  by  co- impregnating  a  ruthenium  on 
alumina  support  with  cobalt  ruthenium  solution,  Esso  204.  The  results 
of  the  isothermal  hydrazine  decomposition  tests,  using  these  structures, 
are  presented  in  Table  9  and  Figure  6. 

Table  9 

(C)  ISOTHERMAL  DECOMPOSITION  RATE  OF 
COBALT-RUTHENIUM  HYBRID  CATALYSTS 


Catalyst 

Description 

Hydrazine  Decomposition 
Rate  at  23“C 
cm^  (STP) / min-gm 

Apparent 

Activation  Energy 
Kcals/gm-mole 

Esso  201 

10%  Ru,  75%  Co  on 
oxide  sintered 
cobalt-alumina 

10 

19 

Esso  202 

12%  Ru,  33%  Co 

CO- impregnated 
alumina 

25 

24 

Esso  204 

22%  Ru,  33%  Co  co¬ 
impregnated  Ru -alumina 

50 

24 

Esso  203 

12%  Ru,  33%  Co,  55% 
Alumina  co-preclpitatec 

15 

24 

Esso  101 

70%  Co,  30%  Alumina 
co-preclpitated 

75 

26 

f 
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(C)  Several  interesting  observations  may  be  made  about  the  data 
in  Table  8  and  Figure  7.  First,  the  isothermal  hydrazine  decomposition 
rate  ot'  the  cobalt-ruthenium  hybrid  catalysts  was  less  than  that  oi  the 
basic  Esso  101  catalyst  which  contained  no  ruthenium.  Surface  area 
differences  were  believed  to  be  partly  responsible  fur  this  dif¬ 
ference  in  activity.  Surface  area  data  indicated  that  the 
impregnated  hybrid  catalysts  had  considerably  <  less  surface  area  than  the 
co-preclpitated  Esso  101  preparation.  However,  the  magnitude  of  this 
surface  area  difference  could  not  possibly  account  for  the  entire  activity 
difference  observed.  For  instance,  Esso  201  had  about  one  half  the  sur¬ 
face  area  of  Esso  101  with  comparable  cobalt  loadings.  Yet,  the  isothermal 
activity  of  the  Esso  101  catalyst  was  about  seven  times  greater.  This 
implied  that  a  negative  synergistic  effect  exists  for  the  cobalt-ruthenium 
catalyst  system.  Further  evidence  of  this  is  seen  in  a  subsequent  section 
on  the  evaluation  of  ruthenium-alumina  catalysts.  Despite  the  poor  iso¬ 
thermal  decomposition  rate  exhibited  by  the  ruthenium-cobalt  hybrid 
catalyst  preparations,  it  was  important  to  pursue  evaluation  of 
these  catalysts  in  motor  firing  studies.  Significant  Improvements  In 
ignition  delay  might  still  be  seen  with  hybrid  catalysts  having 
appreciable  noble  metal  area,  not  affected  by  desensitization  procedures. 
This  hypothesis  was  confirmed  in  subsequent  motor  firing  studies. 

(C)  The  performance  of  cobalt  ruthenium  hybrid  catalysts 
appeared  to  be  dependent  on  the  fabrication  procedure.  Esso  202  and  203 
had  the  same  component  formulation  but  different  isothermal  activity. 
Surface  area  differences  resulting  from  different  fabrication  techniques 
were  held  to  be  a  contributing  factor.  The  lower  apparent  activation 
energy  of  Esso  201  compared  with  other  hybrid  catalyst  preparations  was 
probably  also  a  result  of  fabrication  differences.  One  possible  expla¬ 
nation  for  this  lower  activation  energy  is  the  increased  pore  diffusional 
contribution  resulting  from  the  presintering  of  the  substrate  used  on 
Esso  201. 


6.4  Five  Pound  Thruster  Evaluation  of 
Cobalt- Ruthenium  Hybrid  Catalysts 

(C)  The  ignition  delay  of  cobalt-ruthenium  hybrid  catalysts 
in  our  5  lb  thruster  using  hydrazine  fuel  was  measured  at  several  catalyst 
bed  temperature  levels.  Catalyst  pellets  1/8''D  x  1/8"L  were  used  in  all 
cases.  The  results  of  these  studies  are  presented  in  Table  10  and  Figure 
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(l  )  lilXn  iON  l»!:i^\Y  dl'  (  (ir.Al.T-Ul'TIIKMI  M 
IIVHKII)  (  AIAI.YSTS 


(.',1  1  .1  1  vs  1 

Di-si  t  I  |)t  ion 

Igni  l  i  on  Ui'lav 
at  2  3“C  msec  .  Cl,2) 

l‘!s  Si'  1 0  1 

lOZ  Oo,  !0'„  Alumina  l  o- 
prec ipltated 

>4,000 

Esso  202 

12X  Ru,  J 1%  Co  co-impreg- 
nated  alumina 

1  ,  500 

Esso  201 

10',’1  Ru,  7  5“i  Co  on  oxide 
sintered  cobalt  alumina 

2,000 

Esso  20(' 

12%  Ru  on  cobalt  Impreg¬ 
nated  alumina 

750 

(C)  Tl\e  incorporation  of  ruthenium  into  cobalt-alumina  catalyst 
formulations  is  seen  to  dramatically  reduce  the  ignition  delay.  Further¬ 
more,  Che  degree  Co  which  Che  ignition  delay  is  reduced  depends  on  the 
mode  of  preparation  of  Che  catalyst.  Catalysts  202,  201  and  200  all  had 
approximately  the  same  ruthenium  content,  but  differed  in  fabrication 
technique.  Esso  200  was  prepared  by  first  depositing  the  cobalt  on  an 
alumina  support  and  then  depositing  Che  ruthenium  on  Cop  of  the  cobalt. 

In  this  case,  maximum  availability  of  Che  ruthenium  surface  was  probably 
achieved.  Esso  202  utilized  a  co- impregnation  of  cobalt  and  ruthenium 
salts.  This  technique  probably  resulted  in  less  available  ruthenium 
surface.  Esso  201  utilized  a  ruthenium  impregnation  of  a  cobalt  alumina 
support  and,  thus,  should  also  have  readily  available  ruthenium  metal 
surface.  However,  the  cobalt  alumina  support  was  presintered  yielding  a 
support  with  about  one  half  the  surface  area  of  Esso  200.  This  support 
surface  area  difference  is  a  possible  explanation  of  the  longer  ignition 
delay  exhibited  by  Esso  201  in  comparison  to  Esso  200.  Despite  the 
significant  improvement  in  ignition  delay  resulting  from  the  use  of 
ruthenium  in  cobalt-ruthenium  hybrids,  performance  had  not  approached 
that  of  Shell  405.  Emphasis  was  thus  shifted  to  the  more  promising 
ruthenium  on  alumina  catalysts. 


(1)  The  Esso  5  lb.  thruster  does  not  represent  a  flight  type  design, 
ignition  delay  data  are  thus  useful  only  on  a  comparative  basis. 

(2)  Ignition  delay  time  does  not  include  valve  response  and  fuel  flow 
dead  time  which  is  approximately  60  msecs  in  our  tost  system. 
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I-  (cn  KII'ITIKNLIIM  llASKi)  CATAI.YST  S'lUDirS 

'’•1  1  HO  I  lu‘ nn.i  1  Kjti'  Sliiiliis  I'l  Aluiiiin.) 

Sii|'|Hirl  t.Hl  Kill  lu'ii  i  inn  (;it.i|ys(s _ 

(C)  A  si'i'ics  »)1  rut  hell  i  mil  on  .iluiniiui  c.italybLn  were  |iri|Mrid 
to  deLeriii  i  no  whether  per  i  onuaiKe  emilil  hi'  impriivecl  hy  reiiiovin>'  the 
eobalt  Iroiii  tlie  system.  The  ett'eet  ol  riilheiiiiim  emieentr.it  iun,  (..italysL 
support  type,  as  well  as  tlie‘  addition  ol  platiiuini,  on  eatalyst  i  sothc  rm.il 
hydrazine  deeompos i t ton  activity  were  studied.  The  results  are  presented 
in  Table  11  and  Fieure  b  and  discussed  in  the  lullowinp  paragraphs. 

TAULF  11 

Lt:)  ISDT'llKRMAl.  HYDRA/.  1 NK  DFCDMl’OS  I  T  IO.N'  lb\T  K 
_ ON  Rl'TlIKNIUM  CATAI.YSTS _ 


Catalvst 

Doscription 

ApparcMiL 
Activation  linc- 
Kcals/sm-iiio] 

Ksso  206 

12%  Ru  on  Alumina 

170 

19 

Fsso  207 

23%  Ru  on  Alumina 

210 

19 

Esso  208 

36%  Ru  on  Alumina 

360 

19 

Esso  209 

33%  Ru  on  Silica- 
Alumina  (6%  3102) 

280 

19 

Esso  210 

5%  Pt,  33%  Ru  on 

Alumina 

359 

Not  Measured 

(C)  Catalyst  Isothermal  activity  increased  with  ruthenium  metal 
concentration  and  was  more  than  5  times  as  active  as  Esso  101  at  the  367o 
ruthenium  level.  The  cobalt  free,  12%  ruthenium  on  alumina,  catalyst  was 
far  more  active  than  any  of  the  cobalt-ruthenium  hybrids  having  the  same 
ruthenium  content.  This  data  further  supported  the  fact  that  there  was  a 
negative  synergistic  effect  exhibited  by  cobalt-ruthenium  hybrid  catalysts 
toward  hydrazine  decomposition  and  that  the  performance  of  a  ruthenium 
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i.'at.llvsl  Joi'oiuli’d  on  llii'  n.iliili'  ii|  I  lu'  ,‘.ii|i|)oi  1  nsod  in  tin  1  nln  1  c.  ,i  I  l  oi  i . 

ITio  folativo  I'l'i  1  onn. uni.'  ol  i  n  t  ho  n  i  uni-.iluini  n.i  and  t  oha  1  I  - 1  n  I  lion  i  uiii-a  1  niu  i  na 
catalysts  in  llu'  niotoi  I  i  i  i  nc  slmlios,  disciissod  in  lln-  I  o  1  1  ovv  i  ni'  pal  a- 
craplis,  yavo  tlio  saiiii.'  conclusion.  Tho  isotlioniial  data  snpposlod  that 
liichor  luthoniiini  U'Voli;  woald  yield  iiioi  o  activi'  catalysts.  lluwovor, 
moasulomont s  made  in  tho  'j  1!>.  thrust  oni’ino  indicatod  that  thoro  was 
a  lovolinc,  oil  in  tho  iyaiition  delay  as  the  d'j/  ruthoniniii  content  wa,, 
apf'rc'achod .  The  activation  onerp.y  ol  i  iil  honi  tun  alniiiina  catalysts  was 
lower  than  that  c>l  tho  cohal  t-riit  honi  niii-alniiii  na  hybrids.  The  hybrids 
would  thus  be  expected  to  bc‘  more  active  above  2UL)“(J.  However,  at  the 
adiabatic  liriny  temperature,  tho  reactivity  ol  the  catalyst  is  undoubtedly 
diitnsion  limited.  The  apparent  activation  oneryy  ol  the  catalysts  would 
then  be  primarily  controlled  by  pore  dillusion  ellects.  The  use  of  a 
silica-alumina  support  (llarshaw  1602)  did  not  appear  to  offer  any  yreat 
advantage  over  alumina  in  terms  ol  isothermal  activity.  The  incorporation 
ol  platinum  into  the  lormulation  by  co- iinpregnat i on  appeared  to  improve 
the  isothermal  activity.  Tliis  improvement  was  reflected  in  a  very  short 
iynition  delay  during  the  first  firing  ol  tliis  catalyst  in  the  5  lb 
thruster.  However,  this  activity  was  lost  in  subsequent  5  lb  thrust  motor 
f ir ings . 


(C)  The  addition  of  5  wt.  °U  platinum  to  a  ruthenium-alumina 
catalyst,  by  means  of  the  co- impregnation  of  platinum  and  ruthenium  salts, 
produced  a  catalyst  that  gave  a  very  short  hydrazine  ignition  delay  for 
the  first  firing.  Tliis  concept  was  thus  explored  further.  Ruthenium- 
platinum-alumina  supported  catalysts  were  prepared  by  co-impregnation 
of  the  halide  salts  and  subsequent  reduction  with  hydrogen.  Catalysts 
were  prepared  with  ruthenium/platinum  weight  ratios  of  3.0  and  4.5,  at 
a  total  metals  content  of  17  and  30  wt.  %.  Isothermal  rate  measurements 
were  made  using  these  catalysts.  The  results  arc  presented  in  Figured 
and  Table  11.  The  data  show  that  the  incorporation  of  platinum  into  the 
alumina  supported  ruthenium  catalyst  reduces  the  apparent  activation 
energy  for  hydrazine  decomposition.  Both  17  and  30  wt.  7.  binary  ruthenium- 
platinum  metals  catalysts  gave  activation  energies  of  14  kcal/g-raole  as 
opposed  to  19  kcals/g-mole  for  the  pure  ruthenium  catalyst.  This  lowering 
of  the  activation  energy  also  meant  that  the  activity  of  the  30  wt.  % 
binary  catalyst  was  higher  at  3”C  than  that  of  the  337.  alumina  supported 
ruthenium  catalyst;  the  ruthenium-alumina  catalyst  was,  however,  still 
slightly  more  active  at  25®C. 
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(C)  ISOTHLRMAL  PERFORMANCL  OF  ALUMINA  SUI’I’URTI  U 
RUTHFNIUM-PLAIINUM  CATALYSTS 


l/T  ’K  X  10^ 
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(i  )  isiutii:km\i  ri  kiokmani.i.  m  ai.i  mi .\a  si  I'I'hki  i.u 
Kl'  1 II  I..N  1 I  M  I’l.A  1  I  M'M  (.A  I  AI.YS  I  S 


1— 


1 

c'.i t  a  1  vs  1  l  ompos  i  [  ion 

llvili  a.'.iiu'  IK'i  iinipo.s  i  l  i  on  K.iti- 

A|i;i,ireiit 

1  Af  1  i  V a  I  i  nil  1  111 
1  K.  al/)-li:..l.- 

eiii^  (ST'l’)/min-rn 

fill  *  (s'ivy  1  III  *-iii  i  11* 

Ruthi'iiimn-r  l.it  i  nuiii-A  1  umi  n.i 

') 

1 

iO 

78 

i 

I 

17  wt  Mot.ils  KuT’t  -  i.t) 

1  70 

37.0 

1 

23 

170 

330 

Kut hen i  um-l’  l.i t  inum-.\l  uiii in.i 

3 

30 

1  30 

13 

30  wt  Metals  Ku  I’t  =  J.U 

2  3 

2  70 

700 

25 

270 

700 

,3  37  Ruth  Jiiiura-Alumina 

5 

30 

78 

19 

1 

25 

350 

910 

*Volurao  of  product  gas  STP  per  volume  of  catalyst  per  minute. 


(C)  Tlie  isothermal  data  imply  that  the  binary  rutlienium- 
platinum  alumina  supported  catalysts  would  provide  a  shorter  hydrazine 
ignition  delay  at  temperatures  in  the  vicinity  of  5°C.  lliis  is  not  counting 
the  instantaneous  possible  hypergolic  effect  resulting  from  the  presence 
of  platinum  oxide.  This  effect  cannot  be  defined  in  the  isothermal  reactor. 
It  can  only  be  detected  in  catalyst  bed  ignition  studies.  We  have  not 
tested  tile  start-up  characteristics  of  these  new  ruthenium  platinum-alumina 
catalysts  at  5°C.  Our  present  test  facility  would  have  to  be  modified 
to  do  so  in  a  reliable  manner.  However,  preliminary  motor  firing  tests  witli 
the  30  wt  %  ruthenium-platinum  catalysts  at  25°C  did  not  show  any  advantage 
over  pure  ruthenium-alumina  catalysts.  In  addition,  the  first  start 
platinum  oxide  hypergolic  effect  was  much  less  pronounced  than  that 
observed  with  the  5  wt  %  platinum,  33  wt  7.  rutlienium  on  alumina  catalyst 
(Esso  210).  Thus,  though  this  area  offered  further  potential  to  reduce 
the  low  temperature  hydrazine  ignition  delay,  we  felt  that  we  could  best 
utilize  our  effort  by  devoting  full  time  to  the  study  of  other  thermally 
stable  substrates  for  ruthenium. 
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/.2  I'ivi  ri'iiiul  Ihriistit  LA  a  I  ii.i  (  i  i>ii  i>l  Aliiiiiin.i 
S'4'iH' I  t  t  il  l\u  I  lu  ll  I  mil  C.i t  .1 1 V s  t  :■ _ 

(l:)  Till.'  liii;li  ti'in|>i'iMtiiri‘  i  sol  lifi  iii.i  1  .iLlivity  ol  luball 

tiA'O  in  l  Ill'll  i  uin  on  .iliiiiiiiia  I'.il.ilvnts  was  t  raiis  1  a  t  I'll  iiilo  a  s  i /iii  1  i  caiiL 
foilin' t  i  iMi  ill  ii'.iii  L  inn  ili'lay.  Tosli;  nn  i/8"D  x  1/8"L  [lolloLs  1  alir  ioatod 
I'v  fiitlioiiiiiiii  salt  iiiiiif oy.iiat  i Dll  dI  |)fo- 1  Dniiod  llarsliaw  KiU4  alniiiinu  yavo 
oiii'.iiio  start -lip  por  1  oriiianoo  wliioli  approaoliod  Lliat  ol  Slioll  4U!j.  Tlio 
rosiilts  I'l  tlioso  tosts  arc  prosoiitod  in  Tabio  1  I  and  Fipiiro  lU  and  dis- 
oiissod  ill  till'  till  lowing  par aprajilis . 

Tabio  n 

(C)  ICINITION  DELAY  OF  ALUMINA  SUFFOR’i’ED  RUTHENIUM 
CATALYSTS  IN  5  LB-  THRUST  ENGINE 


Catalyst 

Descript  ion 

Esso  205 

33%  Ru  on  Alumina 

120 

Esso  206 

12%  Ru  on  Alumina 

620 

Esso  207 

23%  Ru  on  Alumina 

220 

Esso  209 

33%  Ru  on  Silica-Alumina 

6%  Silica 

100 

Esso  210 

5%  Pt,  33%  Ru  on  Alumina 

5  (first  firing) 
100 

(C)  The  ignition  delay  was  seen  to  depend  on  the  rutheniijni 
concentration,  decreasing  as  the  catalyst  ruthenium  content  increased. 
The  incremental  reduction  in  ignition  delay  in  going  from  23  to  337. 
ruthenium  was  much  less  than  that  in  going  from  12  to  237..  Data  on  a 
higher  ruthenium  concentration  catalyst  further  indicated  a  leveling 
off  of  the  ignition  delay.  Thus,  very  high  ruthenium  loadings  (>507.) 
are  not  expected  to  result  in  any  further  significant  reduction  in 
ignition  delay. 


(1)  The  Esso  5  lb.  thruster  does  not  represent  a  flight  type  design. 
Ignition  delay  data  are  thus  useful  only  on  a  comparative  basis. 

(2)  Ignition  delay  time  does  not  Include  valve  response  and  fuel  flow 
dead  time  which  is  approximately  60  msecs  in  our  test  system. 
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(C)  PERFORMANCE  OF  RUTHENIUM  CATALYSTS  IN  S  LU.  THRUST  I  NGINE 
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ITk’  i  lue'i  i>iii  .1 1  iiMi  I'l  >  (1 1  .it  i  mini ,  hv  vn-.iii'.  ol  tin  c  d- i  iijii  i)' 
ii.lt  U'U  I'l  i>  l.i  t  i  iiiiiii  .iiul  rut  lii-’.i  i  inn  '^.ilt.i,  pi  mliu  ml  .i  i-.il.ilvnt  tli.it  ■  Imwi  J  i 
vnfv  short  ii'.iiitioii  ill' 1. IV  lot  tiu'  Mist  l  i  i  i  up  .  Ilowi-voi,  siilisiM|ui'n  t  liiiii/-. 
kl  ill  not  show  ,inv  .iilv.mt.ipo  i>vor  t  ho  pl.itimiin  1  i  oo  o.it.ilvst  h.ivinc  .i  loip.ii.i!  I.- 
ru  t  lu'ii  1  uin  oonti'iit.  ihio  possihli'  o.sp  1  .iii.i  t  1  on  lot  t  ho  voiv  short  ipnitioii 
iK'l.lv  ohsorvoil  ihirinp  llio  liioit  litiiip,  ol  t  ho  plutimini  luthoniuiir  o.it.ilvst 
was  Lho  rol.ilivo  o.iso  in  whioh  i>laliiuiiM  oxiilo  w.i.s  rii.lui.od.  All  i  .it  .i  1  y  .s  t  .s  , 
prop.iriul  liv  hvilropiMi  roduotii'ii,  .it  i'  siih.soipiont  1  v  o.xposiui  to  .lir  .uul ,  iioiioo, 
h.ivo'  .1  thin  I'.xlilo  lavoi  mi  tho  siirl.u'o.  This  oxido,  whiih  is  o.isily  roikuol, 
to. lots  with  hvdr.i.'.  i  ill'  in  .i  h  i  propo  1  1  ant  imulo  lor  a  Iraotion  ol  a  soi  ond 
itivi'ig  till'  svstoiii  .111  I'xt  r.i  "klok".  I’l.it  iiiuiii  oxido  is  oasior  to  rodiu  o  than 
rut'.oniiim  I'xidi'  .ind  lionoo  iii.iv  havo  .loiount  I'd  lor  tho  r.ipid  start.  Tho 
ipnition  dol.iv  during  tho  t'ir.'it  liriitp  ol  pl.itiniiin  I  roo  rutlioniiiii;  oatalvsts 
w.is  iisu.illy  lower  than  Lho  iioxL  low  siibsoipioiil  lirinp.s.  Tho  diltoroiiLo, 
howovor,  wa.s  not  ttoarlv  as  priwit  as  that  ohsorvod  witli  tlio  rut  lion  i  uin-i>  la  l  i  i.ui:. 
I'.italvsL.  Kurtiior  ovidonoo  ol  .siirl’ai'o  oxido  oflfots  was  ohtainod  hv  ro- 
aiimittinn -lir  into  a  oatalyst  bod  at  room  toiiiporal iiro  aftor  it  had  boon 
t'lrod  a  iiumbor  ot  t  imos .  A  s  Ijtnl  I  irant  roduotlon  in  ipnition  delay, 

(iisua'-lv  about  501)  And  i>>nitlon  spike  pressure  was  observed  in  eac  h  case  in 
wtiion  air  was  .idmittod  to  tlio  reactor  bod.  However,  tho  shortened  ipnition 
delay  oft'oet  is,  again,  only  present  for  the  initial  firing  after  oxpo.sore  to  air. 

7.3  Isothcrnuil  Performance  of  Tungsten  Carbide 
Supported  Ruthenium  Catalysts 

(C)  Tungsten  carbide  possesses  several  properties  which  make  it 
an  excellent  candidate  for  a  high  temperature  thermally  stable  catalyst 
support.  It  has  a  much  higher  melting  point  than  alumina  (2780®C  as 
opposed  to  2000®C)  and  thus  should  be  more  resistant  to  sintering  than 
alumina.  It  has  a  much  higher  density  than  alumina  (15.7  gms/cm^  as  opposed 
to  2.6)  and  thus  has  the  potential  to  store  more  active  catalyst  in  a  fixed 
volume.  1'  should  be  stable  in  a  reducing  atmosphere  at  high  temperature. 

Most  synthetic  procedures  utilize  the  reaction  of  tungsten  with  a  hydro¬ 
carbon  in  a  mixture  of  H2  and  N2  at  temperatures  ranging  from  1,000  to 
2,200*C.  However,  the  high  temperatures  required  for  the  synthesis 
of  WC  limit  the  surface  areas  that  can  be  obtained  with  this  material. 

This  appeared  to  be  its  chief  disadvantage.  Though  the  maximum  surface 
area  of  WC  available  today  is  about  10  m^/gm,  it  was  felt  that  the  material 
possessed  enough  encouraging  properties  to  warrant  investigation.  Tt:  wa<5 
felt  that  Company  potential  unique  technology  could  be  used  to 
increase  the  WC  surface  area  if  ruthenium  was  shown  to  be  active  toward 
hydrazine  decomposition  when  used  in  conjunction  with  a  WC  support. 

(C)  Thus,  WC  supported  ruthenium  catalysts  were  prepared  at 
the  10,  23  and  30  wt.  7.  ruthenium  level  using  ruthenium  halide  impregnation 
and  hydrogen  reduction.  Samples  of  catalyst  powder  were  evaluated  in  tlic 
isothermal  reactor  at  several  temperature  levels.  The  results  are  pre¬ 
sented  in  Figure  11  and  Table  14. 
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ISiUllKKMAI.  AlAlVIT'Y  Di'  Rl’ ITII.X  1 IM  -  1 1' .V  .ST  I.A 
i:ARI111)I.  CAIAIA’STS 


Cat  a  Ivs  t  CoiiiiH's  i  l  ion 

Appaiont 

Aotivatiun  lau-rgv 
Ki’als/g  moll- 

llvilrazino  iJei.oiiip 
fill  ^  (STP) /ml  n-^.n 

os  i  1 1  on  Kati-  .it  3  5 

fiii-^  gTP)/  fill  ^-ni  in 

WC  suhsLiato  alone 

0 

(J 

10  „  Ku  on  W't’ 

35 

1 

16 

J  3/0  Ku  on  WC 

13 

22 

345 

30  o  Ku  on  Wt! 

13 

38 

596 

40 'o  Ru  on  WC 

Not  Moaburod 

13 

204 

337,  Ku  on  Alumina 

19 

350 

910 

*  volume  o£  product  gas  STP  per  volume  of  catalyst  per  minute 

(C)  The  data  indicated  that  tungsten  carbide  supported  ruthenium 
catalysts  had  considerable  activity  toward  hydrazine  decomposition  and  the 
decomposition  rate  appeared  to  be  very  dependent  on  the  ruthenium  concentra¬ 
tion,  increasing  markedly  between  10  and  30%  ruthenium  and  then  apparently 
decreasing  at  the  407,  ruthenium  level.  The  absolute  activity  of  these 
catalysts,  on  a  mass  basis,  is  not  great--only  38  cm^/gm-min  as  compared 
with  350  cm^/gm-min  for  alumina  supported  ruthenium  at  about  the  same  307, 
metal  loading.  However,  the  much  higher  density  of  the  tungsten  carbide 
support  makes  this  catalyst  look  much  more  attractive  on  a  volume  basis. 
Since  most  potential  applications  for  the  hydrazine  monopropellant  system 
are  volume  limited  (their  design  and  size  are  fixed  by  other  factors)  a 
more  meaningful  comparison  of  catalysts  can  be  made  on  a  volume  basis. 

High  support  density  cannot  fully  be  translated  into  catalyst  storage 
savings  because  of  catalyst  pill  porosity  and  the  bulk  density  factor. 
However,  the  activity  per  cm3  does  appear  to  be  a  more  practical  figure 
of  merit  for  hydrazine  decomposition  catalysts.  When  compared  on  a 
volume  basis,  the  activity  of  the  307,  ruthenium  on  tungsten  carbide 
catalyst  at  25“C  is  less  than  one  half  that  of  the  337.  ruthenium  on  alumina. 
This  is  very  encouraging  in  view  of  the  fact  that  the  tungsten  carbide  sup¬ 
port  had  only  10  m^/gm  of  surface  area.  If  tungsten  carbide  supports  can 
be  prepared  with  surface  areas  of  20-30  m^/gm,  the  activity  of  the  307, 
ruthenium  loaded  catalyst  should  be  equivalent  to  that  of  337,  ruthenium 
on  alumina  on  a  volume  basis.  It  is  recommended  that  further  work  be 
conducted  on  the  WC  substrate. 


CONFIDENTIAL 


UNCLASSIFIED 


-  JH  - 


7.4  Per f oniiancL'  of  PTN  Supported 
Rutlieiituiii  Catalysts _ 

(U)  Esso  Researcli  developed  a  unique  reirattory  catalyst 
support  material  which  has  both  hi^h  surtace  urea  and  resistance  to 
sintering;  at  liiyh  temperatures  in  a  Inunid  environment.  The  stability 
of  this  support  to  sintering  in  a  H2-2U7„  H2O  at  ilOU‘*C  environment 

is  sliown  in  Table  15. 

Table  15 

THERMAL  STABILITY  OF  ESSO  PTN  SUPPORT 
Samples  Steamed  for  1/2  Hour  in  80%  R.^-IOZ  II2O  at  1100°C 


Before 


Af  ter 


%  Decrease 
in  Surface  Area 


Esso  PTtf* 

AI2O3 

(H-1404) 

Al203-Si02 

(H-1602) 


*Esso  PTN  is  a  specially  prepared  form  of  Boron 
Nitride  which  was  developed  under  Company-sponsored  research. 


(U)  The  very  encouraging  results  achieved  in  this  sintering 
test  for  the  PTN  material  clearly  made  it  a  potential  candidate  support 
for  the  non-strateglcally  limited  ruthenium  metal.  However,  it  remained 
to  be  seen  whether  ruthenium  would  be  active  on  the  PlU  support  and 
whether  catalyst  pellets  of  sufficient  strength  could  be  fabricated. 

Thus,  ruthenium  was  deposited  on  the  surface  of  the  PTN  support  by  halide 
salt  impregnation  and  hydrogen  reduction.  Catalysts  were  prepared  at 
the  23  and  45%  ruthenium  metal  loading.  The  results  of  isothermal  rate 
measurements  using  these  catalysts  are  presented  in  Table  16  and  Figure  12. 
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(C)  ISOTTll.KMM.  ACTIVITY  Ol'  I’T'N  Sl'I'l'DKT  l.lJ 
Kl'TTIKNU’M  CAT  AI.YST  S 


Catalyst  Compos  L  t ion 

Ilydra/iiK*  Ui  t  txiipDS  i  l  i  tni  Katt*  al 

iOVI 

cm  ^  STT’/eni 

nr  /i’lh  , 

Ji  wt  o  Ku  on  I’TM 

18 

2  70 

800 

— 1 

4Y  WL  Hu  on  PTN 

18 

2  70 

800 

44 

3J  wt  /o  Hu  on 

19 

350 

910 

7  3 

Alumina 

*  volume  of  product  gas  STP  per  volume  of  catalyst  per  minute 
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As  1.  ail  1h'  HiiMi  1  1  DIM  till’  ilata,  l  Ik'  I’l’N  su|>)ii)t' i  I'J  i  ii  1  lii'ii  i  iiin  catalyst  jius- 
Sc'SHi'S  ai'i'ii'c  i  al' Ic  activity.  TTioiij-li  luitli  the-  i  wl  .  and  'i  c  wt  .  /  Hu 

catalysts  wcTc  less  active  t  liaii  the  alniiiiiia  sii|)|Hirted  JJ  wt  .  /,  rullieiii  niii 

catalyst,  the  liic.h  level  ol  activity  was  still  i‘Xl  reiiie  1  y  eiiccnuay  i  iiy  . 

Since  the  siii  lace  area  c'l  the  base  I’TN  siij)|u)i  t  used  w.is  low  (80  iii^/>'iii>  , 
we  lelt  that  the  activity  cinilcl  he  iiiipi  oveci .  The  lact  that  iiu  not  iceahle 
increase  in  catalyst  activity  was  ohseivecJ  in  increasing  the  rutheniniii 
concentration  troiii  2.1  to  a  wt.  ,  is  partly  explained  by  an  a|<i)arenl  loss 
in  snrtace  area.  I'he  a  J  wt.  nilheniiim  catalyst  had  a  total  HKT  stirl  ace- 
area  ot  a4  m-/c,iii  as  o|iposed  to  H  / ^\i\\  lor  the  2d  wt  .  "L  riiLlieniiiiii  cata¬ 
lyst.  A  chan};e  in  iahrication  coiiditons  such  as  rutheniniii  halide  solution 
conceiitrat  ion  aiui  temperature  may  oiler  alternate  ways  ol  achieving  higher 
activity  at  a  hic;h  metal  loadinyi. 


(C)  The  refractory  support,  PTN,  was  prepared  In  a 
lar^^e  quantity  (100  j^ncs)  and  was  used  to  fabricate  a  scaled-up  batch 
of  ruthenium-Pl'N  catalyst.  As  with  the  earlier  small  batches,  ruthenium 
metal  was  deposited  on  the  refractory  P'fN  support  by  a  series  of  ruthenium 
chloride  impregnations  and  calcinations  followed  by  reduction  with 
hydrazine.  A  large  batch  of  PIW  supported  ruthenium  catalyst  was  prepared 
at  the  40  wt.  /»  metal  level  and  tested  in  the  isothermal  decomposition  rig. 
The  results  are  compared  with  those  obtained  using  catalysts  prepared  in 
small  quantities  in  Figure  13. 

(C)  The  scaled-up  catalyst  preparation  showed  .somewhat  higher 
hydrazine  decomposition  activity  than  that  of  the  material  processed  in 
small  batches.  Since  very  little  difference  in  catalyst  activity  was 
observed  among  small  batches  containing  23  to  457.  ruthenium,  the  apparent 
improvement  in  catalyst  activity,  observed  for  the  scaled-up  batch,  was 
not  believed  to  be  due  to  differences  in  ruthenium  average  bulk  concen¬ 
tration.  Neither  was  it  believed  to  be  a  result  of  differences  in 
catalyst  surface  area  which  were  substantially  the  same  for  large  and 
small  batch  preparations.  A  more  likely  explanation  was  in  the  improved 
dispersion  of  the  metal  on  the  surface  of  the  large  batch  of  PTN  material. 
Much  higher  solution  concentration  gradients  and  high  localized  deposits 
of  ruthenium  can  be  expected  when  small  batches  of  catalyst  material  are 
processed  by  a  multiple  impregnation  technique. 
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(U)  L’TN  suppDl  Led  l  Utlieiiliiiii  eululyst  lielleL^  (1/M"L  >.  l/tl"D) 
were  jncpaled  by  ii'eaiis  ul  a  Stokes  I’eHel  I'l  ess.  I'elleth  as  loriiied  1 1  un 
tile  [ilebS  bad  K>w  ciusb  stleligtb.  I'liub,  t  be  biiilel  b  L I  e  lie  t  ben  1  ii;^'  tei-b- 
iiiiliie,  bnceeSbtiilly  employed  wilb  I  be  eobal  l  -  ai  iiiii  i  iia  talalystb,  was 
applied  to  tlie  Rii-Pl'N  system.  Pellets  were  sobjeeted  to  siiilil  lieat- 
meiits  at  dillereiit  temperatures  lor  a  speeilied  time  in  a  tube  lurnai.e. 
Ari;on  .eas  was  used  to  protect  the  pellets  apainst  oxidation.  The 
eilect  ol  sinleriiii;  treatment  on  catalyst  pellet  crusb  strelif  tb  is 
sliown  ill  Table  17. 


Table  17 


KFITXT  OF  SINTtK  STRF NCTTIKNIfJt.  ON  CRUSH 
STRFNOTH  OF  Ru-PTN  CATALYST  I'KLL^S_ 


1 

i 

.  Shite r  I'emperat lire  “C 

- — 

Sinter  'rime  Mins. 

Average  Pellet  Criisli 
Strength  Lbs.* 

7.0 

1200 

30 

8.0 

1  TOO 

10 

14  .0 

120 

1  1.0 

TbO 

0.0 

*AveraKt'  of  (10)  1/8"  U  l’elh*ts 


(U)  The  data  in  Table  17  indicate  tliat  considerable  impr oveiiienl 
in  Ru-PTN  pellet  crusb  strength  can  be  achieved  Lbrougb  tlie  sinter 
strengthening  technique.  Pellets  sintered  at  IdUU'F  for  TO  minutes  li.ive 
almost  twice  the  crusb  strength  as  pellets  receiving  no  sinter  treatment. 
Increasing  the  sinter  times,  however,  produced  increasingly  weaker  pellets. 
Tliis  was  contrary  to  what  was  expected  and  observed  wilb  cobalt-alumina 
catalysts . 
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7  .  b  PiTl  i' I  iiiaiiLi'  I'l  Kc  1  rat- 1 1' ry  I'xicti' 

Sui'ptu  t  fcl  Ku  t  Ill'll  i  iiiii  (atalysts _ 

(C)  SeviTal  rel'racLory  oxides  liave  properties  tliat  make  them 
potential  candidate  thermally  stable  supports  lor  rutlieninm.  'ITiese  in¬ 
clude  tungsten  oxide,  magnesiiuii  oxide,  and  zirconium  oxide.  Tliese  material 
have  very  high  melting  points,  are  chemically  stable  at  high  temperatures 
and  can  be  prepared  in  high  surlace  area.  'lluis,  several  ol  these  materials 
were  impregnated  with  ruthenium  halide  solution  to  the  JU  wt.  X  metals 
level,  reduced  with  hydrogen  and  tested  in  the  isothermal  rig.  The  results 
are  depicted  in  Table  18  and  Figure  14. 

mble  18 

(C)  I’KRFORMANCE  OF  REFRACTORY  OXIDE  SUPPORTED 
_ RUTHENIUM  CATALYSTS _ 


Catalyst 

Catalyst  Surface 
Area  m'^/gm 

Isothermal  NtHa  Ix-composi  t  i on 
Rate  cin^  (STP) /min-gm  at  25“( 

30%  Ru  on  Xr02 

37 

250 

30%  Ru  on  WO,^ 

23 

163 

30%  Ru  on  MgO 

21 

500 

30%  Ru  on  M0O3 

14 

Negligible  Activity 

33%  Ru  on  A  1^0,^ 

70 

_ 

350 
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(C)  Ui  1  lore  nil's  ill  latalysl  sntlaii'  area  i  aiinut  i-xiilain  rliis 
wuli'  rani'i'  111  ii'sulls  in  liytli  a/,  i  no  ili  ciiiii|iosi  l  lu  n  aitivily.  In  1  ai  i  ,  itn- 
iiinsL  ai' 1 1  vi'  hydra/,  ini'  doe  .niiinis  i  t  ion  latalysL,  JU/L  Kii  on  MyU,  had  a  bnilaii- 
area  ol  only  21  iii-/iin.  The  n-sults  are  more  likely  due  lo  the  strong 
I'hiiiiiial  inteiaiLion  ol  lalalysl  and  snhstiate  whiili  slronj^ly  delerinines 
till'  resiiUiiii.;  siipiiorled  ealalyst  hydrazine  decompos  i  L  i  on  activity.  The 
isothermal  hydrazine  decomposition  activity  ol  tlie  ma^^nesia  snpiioi  Led 
ruthenium  catalyst  was  lii^h  enou>;h  to  allect  spontaneous  hydrazine  ij.'nitiun 
at  temperatures  as  low  as  5“C.  Thus,  it  was  considered  a  very  promising 
system  tor  this  project  and  was  subjected  Lo  lurtlier  evaluation. 

/.o  Preparation  and  I’erlormance  ol  llinli 
Sort  ace  Area  Ma^tnesia 

(U)  lliyh  surtace  area  magnesium  oxide  was  prepared  by  calcining 
MgCOj  and  Mg(0H)2  under  specified  coaditions.  'Two  temperature  levels  and 
two  calcination  duration  periods  were  evaluated.  The  BET  surface  areas 
resulting  from  specific  process  treatments  are  presented  in  lable  19. 


Table  19 


EFFECT  OF  PROCESS  CONDITIONS  ON  THE  SPRFACE 
AREA  OF  Ri:SUl.TlN(;  MgO  SUBSTRATES _ _ 


.Fource  of 

Run 

Calcining 

Calcining 

Magnesia  BET 

Magnesia 

Identification 

Temperature,  °F 

Time,  hrs. 

Sur.  Area  m-/gm 

MgCO., 

B 

1000 

2 

114 

A 

1000 

15 

216 

D 

615 

2 

62 

C 

615 

15 

90 

Mg (OH >2 

F 

1000 

2 

135 

E 

1000 

15 

85 

Vitro  Magnesia 

60 

(U)  The  MgO  substrates  resulting  from  MgC03  decomposition 
showed  surface  areas  ranging  from  62  to  216  m^/gm,  surface  areas  in¬ 
creasing  with  the  severity  of  treatment.  Substrates  resulting  from 
Mg(0H)2  decomposition  at  1000®F  showed  a  decrease  in  surface  area  with 
an  Increase  in  calcining  time.  Preliminary  tests  at  615  F  indicated 
this  temperature  level  was  too  low  to  affect  significant  Mg(0H)2  decom¬ 
position.  The  lower  surface  area  resulting  from  the  longer  calcination 
period,  using  Mg(0H)2  3S  the  source,  implies  that  the  H2O  formed  during 

decomposition  may  have  catalyzed  sintering.  The  results  of  our 

steam  sintering  tests  discussed  later  in  this  section  support  this  theory. 
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(C)  The  proioss  eoiid  i  t  i  oiis  yielding  tlu-  hifliesl  siiilaei-  .iiia 
MgO  (Run  A)  was  used  to  lahi  ieale  an  Ku-Fh'O  eatalyst  at  tlie  JU  wt  .  /„ 
ineLal  level.  lliis  catalyst  was  prepared  in  a  similar  manner  to  tlie 
Vitio  M^O  suj'ported  catalyst  usinp  multiple  ruthenium  halide  sulntion 
impi  ej;nat  ion ,  calcination  and  hydropen  reduction.  isotheimal  catalyst 
activity  tests  were  run  on  the  hiph  surlace  area  MpO-Ku  catalyst.  The 
results  are  caiipared  with  the  perlormance  ol  the  Vitro  MpO  sup|)orted  Kn 
catalyst  in  Table  20. 


Table  20 


(C)  PKRFORMANCi:  OF  MACNFSTA 
SUPPORTKl)  RUTHKNllIM  CATALYSTS 


Catalyst 

Substrate  Surface 
Area  m^/gm 

307o  Ru  on  Vitro 

60 

1 

25 

Magnesia 

15 

125 

25 

500 

307,  Ru  on  MgO 

216 

1 

50 

(MgO  from  Prep. 

15 

163 

A  above ) 

! _ : 

25 

500 

The  high  surface  area  MgO  supported  Ru  catalyst  showed  considerably  higher 
activity  than  the  Vitro  MgO  supported  Ru  catalyst  at  low  temperatures; 
no  difference  in  activity  was  noted  at  25*C.  The  high  surface  area  MgO 
supported  Ru  catalyst  should  be  active  enough  to  affect  spontaneous  hy¬ 
drazine  ignition  at  5  C.  A  large  batch  of  high  surface  area  MgO  was 
prepared  and  was  used  in  pilling  studies.  The  results  of  sinter 
strengthening  experiments  on  1/8"D  x  1/8"L  Ru-MgO  catalyst  pellets  were 
discouraging.  Cracks  were  formed  in  the  catalyst  pellets  during  the  sinter 
strengthening  process.  One  possible  explanation  for  the  crack  formation 
was  a  further  decomposition  of  some  remaining  MgC03  during  the  sinter 
strengthening  operation.  It  was  felt  that  an  acid  treatment  might  help 
remove  MgC03  that  has  not  been  completely  removed  during  the  calcination 
step.  Acid  treatment  of  the  MgO  formed  from  calcination  of  MgC03  or 
Mg(0H)2  might  also  provide  additional  substrate  surface  area.  The  re¬ 
sults  of  an  acid  leaching  treatment  are  discussed  in  the  following 
paragraphs . 
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(C)  MgO  substrate  samples  prodiiceii  Iroiii  botli  Mj.'(UH)2  ami 
sources  were  treated  with  0.03  M  phuspliorie  acid,  i'liuspliur i c  acid  is  a 
good  halide  tree  leactiant  and  this  treatment  ot  reiractory  oxides  lias 
also  been  shown  to  inhibit  sintering  in  a  H^O  environment  (2).  Treatment 
consisted  of  equilibrating  calcined  substrate  materials  with  0.03  M 
phosphoric  acid,  drying  at  250®!',  and  calcining  at  730“K  lor  only  1 

hour.  This  procedure  was  conducted  twice  with  each  substmte  sample.  The 
resulting  change  in  substrate  surface  area  is  given  in  Table  21. 


Table  21 


iil’TliCT  Of  PliOSriiOlUC  ACiO  LiiACiilMO  ON 
MAONESIA  SUBSTKATf  SUKFACL  AREA 


1 

Substrate 

Identification 

2 

BET  Surface  Area  in  /gm 

Before  Leaching  After  Leaching 

MgO 

(From  MgCO^) 

A 

216  1  252 

1 

_ 1 _  .i 

MgO 

(From  Mg(0H)2) 

E 

85  ;  252 

..  .]  . 

(C)  The  data  presented  in  Table  21  show  that  the  leaching 
treatment  produced  a  significant  increase  in  substrate  surface  area  for 
both  samples.  The  increase  is  much  greater  for  the  substrate  Initially 
produced  from  Mg(0H)2  decomposition  indicating  that  this  substrate  had  a 
greater  fraction  of  the  source  which  was  not  decomposed  by  calcination. 

As  in  our  calcination  studies,  we  wanted  to  see  if  the  higher  surface  area 
produced  by  the  acid  treatment  could  be  translated  into  higher  supported 
ruthenium  hydrazine  decomposition  activity.  Thus,  a  portion  of 
a  phosphoric  acid  treated  substrate  was  used  to  fabricate  a  Ru  loaded 
catalyst.  A  catalyst  containing  about  30.0  wt  7.  Ru  on  phosphoric  acid 
treated,  MgC03  calcined  substrate  (Run  A)  was  fabricated  by  the  standard 
multiple  ruthenium  chloride  solution  impregnation  technique  followed  by 
calcination  and  reduction.  The  hydrazine  decomposition  activity  of  this 
catalyst  was  measured  in  the  Isothermal  test  rig.  The  results  are  compared 
with  the  activity  of  a  catalyst  prepared  from  calcined  MgC03  which 
had  not  been  acid  treated  in  Table  22.  The  acid  treated  catalysts  were 
found  to  be  less  active  than  catalysts  prepared  from  the  calcined  substrate. 
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Till) If  22 

(C)  FKRFORMANCK  OK  ACID  l.KACIIKI)  MACNKSIA 
_ SlIPPORTKl)  CATALYSTS _ 


Catalyst 

Substrate  BKT 
Surface  Area 
m"  /  Kin 

Temperature  °C 

Isothermal  N2II4 
Ik'compos  i  t  ion  Kate 

cm^  (STl’)/mln-Kiii 

307o  Ru  on  Acid 
Treated  MgO 

IVl 

t 

1  ;  23 

IS  :  12s 

307.  Ru  on  as 
Calcined  MgO 

216 

1  so 

15  163 

(C)  Magnesium  oxide  appears  to  show  considerable  promise  as  a 
support  for  ruthenium.  The  activity  of  the  MgO-supported  ruthenium 
toward  hydrazine  decomposition  is  quite  high  and  the  substrate  can  be 
prepared  in  high  surface  area.  However,  several  questions  exist  pertinent 
to  the  physical  strength  of  MgO  granules  and  pellets.  Further  work  in 
this  area  is  required  to  define  the  magntitiKle  of  this  problem. 


7.7  High  Temperature  Stability  of  Various  Hydrazine 
Decomposition  Catalysts  and  Substrates 

4 

(C)  Several  catalysts  and  substrates  were  subjected  to  high 
temperature  sintering  tests  in  N2-H2-NH3  and  H2-H2O  atmospheres  respec¬ 
tively.  The  results  of  these  tests  are  presented  in  Tables  23  and  24. 

Of  the  ibstrates  tested,  the  tungsten  carbide  appeared  to  show  the 
highesL  leslstance  to  sintering  in  both  the  water  free  and  water  con¬ 
taining  environment,  decreasing  less  than  10%  in  surface  area 
during  both  test  periods.  The  PTN  material  was  the  second  most 
stable  support  tested,  though  a  considerably  greater  loss  in  surface 
area  was  observed  in  comparison  to  our  first  sinter  stability  test  run 
on  PTN  reported  earlier  in  this  program.  This  difference  in  stability 
is  most  likely  a  result  of  slight  variations  in  PTN  composition  from 
batch  to  batch  and  not  a  result  of  the  difference  in  the  gaseous  ambient 
used  in  the  tests.  This  is  borne  out  by  the  fact  that  the  PTN  desur- 
faced  about  the  same  amount  in  both  current  stability  tests  in  a  H2-N2- 
NH3  environment  and  in  the  H2-H2O  environment.  The  fact  that  the  PTN  and 
WC  support  were  as  stable  in  a  gaseous  environment  containing  20  vol.  7, 
H2O  as  they  were  in  a  H2O  free  ambient  implies  that  these  substrates  may 
be  used  with  fuels  containing  hydrazine  nitrate. 

(C)  The  PTN  supported  ruthenium  catalyst  at  the  23  wt.  7.  metal 
loading  was  almost  as  stable  as  the  metal  free  substrate  itself  and  also 
showed  little  difference  in  surface  area  loss  in  both  a  water  free  and 
water  rich  gaseous  environment.  The  tungsten  carbide  supported  ruthenium 
catalyst,  on  the  other  hand,  decreased  in  surface  area  consld.  rably  in 
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both  tests  with  a  more  drastic  loss  taking  place  in  the  H2-H2O  gas  Lest. 
This  loss  is  believed  to  be  a  result  of  the  iact  tliat  the  high  loading  of 
ruthenium  deposited  on  the  low  surface  area  WC  substrate  was  probably 
not  well  dispersed,  allowing  ruthenium  crystallites  to  sinter  together 
easily.  This  Is  further  supported  by  the  fact  that  the  30  wt.  ru¬ 
thenium  on  tungsten  carbide  catalyst  showed  much  higher  initial  total 
BET  surface  area  than  the  substrate  itself,  indicating  that  a  good 
portion  of  the  ruthenium  produced  was  "unsupported"  and  actually  physi¬ 
cally  mixed  with  the  tungsten  carbide. 

(C)  The  refractory  oxide  substrates  and  supported  ruthenium 
catalysts  showed  very  poor  stability  characteristics  with  the  exception 
of  the  Harshaw  1602  alumina-silica  substrate  which  was  reasonably 
stable.  The  very  active  magnesia  supported  ruthenium  catalysts 
and  the  magnesia  substrates  themselves  were  notably  unstable,  desurfacing 
sharply  in  both  tests,  though  to  a  greater  extent  in  the  H2“H20  atmosphere. 
The  standard  Harshaw  1404  alumina  substrate  desurfaced  considerably  in  the 
water  free  NH3-N2-H2  environment  and  almost  completely  in  the  H2“H20 
ambient.  Catalysts  fabricated  with  Harshaw  1404  alumina  will  have 
an  extremely  short  life  when  hydrazine  nitrate  is  used  in  the  fuel  blend. 
Zirconium  oxide  and  tungsten  oxide  substrates  were  also  unstable  in 
the  H2O  containing  environment  though  considerably  more  stable  than  the 
Harshaw  1404  alumina. 
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'l  ;il)U-  2  3 

(t:)  men  TKMi’KitATimi':  staku.i’J’y  ok  iiydkazink 
_ DKCOMKOSl TION  CATALYSTS  _ 

Tfst  Ti'iiipt'ratiirf  -  1  l()()“(; 

Tiiiif  -  1/2  hour 

Oas  Knv  i  roiiiiifiit  -  2')  vol  7„  N^,  2'3  vol  7„  11^,  50  vol  7,  Nll,^ 


Total  BKT 

Surface  Area  in^/um 

Catalyst  or  Substrate 

Before 

After 

WC 

2.3 

2.1 

307,  Ru  on  WC 

11.2 

1  .5 

PTN 

73.4 

38.4 

237o  Ru  on  PTN 

77.0 

24.7 

M^O  from  Calcined  Mj>C03 

216 

9.3 

MgO  from  Calcined  Mg (OH) 2 

85.1 

0.1 

307,  Ru  on  MgO  from  MgC03 

21.0 

1.2 

Vitro  MgO 

60.0 

3.2 

407,  Ru  on  MgO 

11.8 

2,6 

Vitro  Zr02 

25 

6.2 

307,  Ru  on  Vitro  Zr02 

12 

2.0 

Vitro  WO3 

38 

5.4 

30%  Ru  on  WO3 

Harshav  Sintered  AI2O3  (1404) 

12.0 

<1.0 

95 

12.6 

Harshaw  Sintered  A1„0  -SiO„ 
(1602) 

145 

46 

Table  24 

(C)  HIGH  TEMPERATURE  STABILITY  OF  HYDRAZINE 
_ DECOMPOSITION  CATALYSTS _ ^ _ 


Test  Temperature  -  1100®C 
Time  -  1/2  hour 

Gas  Environment  -  80  vol  %  H2,  20  vol  %  H2O 


Catalyst  or  Substrate 

Total  BET 

Surface  Area  m'^/gm 

Before 

After 

WC 

3.0 

2.7 

30%  Ru  on  WC 

11.2 

.3 

23%  Ru  on  PTN 

77.0 

21.8 

Vitro  MgO 

60.0 

7.5 

30%  Ru  on  Vitro  MgO 

18.7 

6.0 

Vitro  WO^ 

38.0 

1.6 

30%  Ru  on  WO3 

i2 

1.9 

Harshaw  Sintered  AI2O3  (1404) 

95 

.6 

Harshaw  Sintered  AI2O3-SIO2 

145 

45 

(1602) 
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8.  PROMOTE.')  RUTHENIUM  CATALYSTS  -  THE 
ESSO  500  SERIES 


(C)  Considerable  evidence  is  present  in  the  literature  to  indicate 
that  the  incorporation  of  foreign  ions  into  Y-aluinlna  can  substantially 
improve  the  thermal  stability  of  this  refractory  oxide.  For  example, 
Krischner,  et  al.  have  found  that  the  incorporation  of  alkaline  earth 
ions  into  Y'^lumina  markedly  enhanced  its  thermal  stability  (15) . 

Similar  observations  have  been  made  in  our  Company  high  temperature 
petroleum  processing  catalyst  studies.  On  the  basis  of  this  information, 
and  the  fact  that  hydrazine  decomposition  appears  to  Increase  with 
increased  substrate  basicity,  we  prepared  a  number  of  "doped"  substrate 
catalysts  which  we  called  the  Esso  500  series.  These  catalysts  have  been 
extensively  tested  in  our  5  lb.  thruster  and  isothermal  reactor  and 
characterized  in  our  laboratories.  One  of  them  was  evaluated  by  Air 
Force  personnel  in  25  lb.  and  5  lb.  thrust  engines.  The  results  of  these 
tests  are  discussed  in  the  following  paragraphs. 

8.1.  Characterization  of  the  Esso 
500  Series  Catalysts _ 

(C)  The  Esso  500  series  catalysts  have  been  characterized  in 
our  laboratories.  Their  approximate  compositions  are  as  follows*: 


Esso  500  -  5%  SrO, 

5%  S102, 

60%  AI2O3, 

30% 

Ru 

501  -  5%  CaO, 

5%  Si02, 

60%  AI2O3, 

30% 

Ru 

502  -  5%  La203, 

5%  Si02, 

60%  AI2O3, 

30% 

Ru 

503  -  5%  BaO, 

5%  Si02, 

60%  AI2O3, 

30% 

Ru 

504  -  10%  BaO, 

5%  S102, 

55%  AI2O3, 

30% 

Ru 

505  -  10%  CaO, 

5%  Si02, 

55%  AI2O3, 

30% 

Ru 

506  -  10%  La203, 

5%  S102, 

55%  AI2O3, 

30% 

Ru 

507  -  10%  SrO, 

5%  Si02, 

55%  AI2O3, 

30% 

Ru 

Data  have  been  obtained  on  catalyst  surface  area,  substrate  surface  area, 
ruthenium  crystallite  size  and  catalyst  isothermal  activity.  These  data 
are  presented  in  Table  25. 


*See  Appendix  for  detailed  procedure  for  preparing 
the  Esso  500  series  catalysts. 
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I’Kuri-.Kri i-s  H'  i.ssii  >i)(i  sikii,;;  (:,\i.\i.y;:t;: 


Cat  a  Ivs  t 

1'  Surtaee 
Siibst  rate 

•  } 

Are.l  1)1  /^iii 
t!at.il  vst 

EnoLlienual 
Activity  cm ^ 
(STi>)/min-cm  at  25'’C 

r  - 

As  Fabri¬ 
cated  Crtisli 

S  trellgLll 

lbs. 

Mc'Lal  Crys¬ 
tallite  Size 

• 

A 

Essi.>  500 

1  82 . 4 

128.0 

490 

40 

13  5 

Ksso  501 

1  78.0 

111.) 

420 

41 

124 

Esso  502 

185.6 

128.5 

455 

41 

J24 

Esso  50 J 

184.7 

12J.  1 

385 

36 

111 

Esso  504 

L75.8 

116.8 

630 

41 

126 

Esso  505 

181.8 

118.0 

420 

41 

165 

Esso  50 0 

166.  2 

117.0 

530 

46 

145 

Esso  507 

L7J.4 

117.5 

420 

43 

140 

Conventional 

Supported 

Ruthenium 

144.6 

91.4 

350 

Catalys  t 

_ 

*Based  on  1/8"  x  1/8"D  Pellets 


(U)  The  properties  of  the  Esso  500  series  catalysts,  given  in 
Table  25,  are  seen  to  be  superior  to  those  of  the  conventional  alumina 
supported  ruthenium  catalysts.  Both  substrate  and  final  catalyst  surface 
area  are  considerably  higher  than  those  of  the  conventional  supported 
ruthenium  catalyst.  Isothermal  hydrazine  decomposition  activity  of  the 
Esso  500  series  catalysts  is  seen  to  range  from  10  to  80%  higher  than  the 
conventional  alumina  supported  ruthenium  catalyst.  Additional  data  on 
metal  crystallite  size  and  on  surface  areas  and  activity  after  motor 
firing  are  presented  in  the  following  paragraphs. 

8.2.  Performance  of  Esso  500  Series  Catalysts 
In  Esso's  5  lb.  Thruster 


(U)  Eight  different  Esso  500  Series  catalysts  were  fabricated 
in  1/8"  X  1/8"  pellets  and  tested  in  our  instrumented  static  5  lb.  thrust 
engine.  Propellant  grade  hydrazine  was  supplied  to  the  engine  at  25°C 

using  pulse  mode  propellant  injection  cycles  of  1  second  on  5  seconds  off. 
Reactor  chamber  pressure  and  degree  of  catalyst  attrition  during  engine 
firing  were  recorded.  The  results  are  presented  in  Table  26. 
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Table  26 


(C)  PERFORMANCE  OF  ESSO  500  SERIES 
CATALYSTS  IN  A  5  LB.  THRUST  ENCINE^^) 


Catalyst 

%  Change  In 

Bed  Pressure  Drop 

Catalyst  Loss 

Wt  %/Sec. 

Esso  500 

None 

0.15 

Esso  501 

None 

0.17 

Esso  502 

None 

0.13 

Esso  503 

None 

0.12 

Esso  504 

None 

Esso  505 

None 

Esso  506 

None 

0.038 

Esso  507 

None 

0.083 

(1)  Ignition  program  -  1  sec.  on-5  secs,  off  -  40  total  pulses. 

(C)  As  can  be  seen  from  the  data  in  Table  26,  the  Esso  500  series 
catalysts  all  performed  very  well  in  the  pulse  mode  operation  of  our  5  lb. 
thruster.  All  catalysts  showed  excellent  mechanical  strength  and 
resistance  to  attrition  during  engine  firing  as  Indicated  by  the  low  level 
of  catalyst  lost  and  bed  pressure  drop  stability.  These  very  encouraging 
results  using  the  Esso  500  series  catalysts  prompted  us  to  request  that 
the  Air  Force  evaluate  one  of  them  in  actual  flight  type  hardware.  We 
believed  that  such  a  test  was  essential  before  studies  in  this  area  were 
pursued  further. 

8.3.  Air  Force  Engine  Firing  Evaluation 
of  Esso  500  _ 


(C)  About  50  gms  of  Esso  500  1/8"  x  1/8"  pellets  and  25  gms  of 
Esso  500  20-40  mesh  granules  were  sent  to  Edwards  Air  Force  Base  for  motor 
firing  evaluation  in  a  25  lb.  thrust  flight  type  monopropellant  engine. 

The  Air  Force  test  results  using  a  bed  composed  of  about  10  vol.  %  granules, 
the  remainder  pills,  were  extremely  encouraging.  Esso  500  was  found  to  give 
ignition  delays  comparable  to  Shell  405  with  propellant  grade  hydrazine 
at  30®F  and  lOO^F.  Furthermore,  no  steady-state  performance  degradation  in 
engine  chamber  pressure  was  observed  during  350  secs,  of  hydrazine  fuel  burn 
using  2000  pulses  of  fuel  injection.  Low  catalyst  attrition  was  observed 
during  this  firing  program  and  the  catalyst  was  observed  to  have  very  good 
strength  properties. 

8.4.  High  Stability  of  the  Esso  500 
Series  Catalysts _ 

(C)  The  promoted  substrate  and  final  catalysts  for  the  Esso  500 
series  have  extremely  high  stability.  Catalyst  surface  area,  isothermal 
activity  and  pellet  crush  strength  all  showed  little  or  no  change  after  four 


CONFIDENTIAL 


"Ill  I  mil  IW 


CONFIDENTIAL 


minutes  of  firing;  the  catalyst  evaluated  by  tlie  Air  Force,  and  which 
received  24  iuinutt?s  of  total  firing,  also  sliowec  no  loss  In  surface 
area.  This  data  is  presented  in  Table  27  and  in  Figure  16  wliicli  depicts 
the  remarkable  surface  stability  of  Flsso  500  in  contrast  to  Shell  405. 
Esso  500  is  seen  to  maintain  Its  original  "as  fabricated"  surface  area 
during  24  minutes  of  total  firing  time.  Siiell  405,  on  the  otlier  liand , 
drastically  desurfaces  during  the  first  5  minutes  of  firing.  Tliis 
unique  surface  area  stability  of  Esso  500  is  a  property  associated  witii 
Its  unusually  stable  promoted  substrate.  It  is  suggested  that  surface 
area  stabilization  may  be  affected  by  the  alkaline  earth  ion  retardation 
of  the  transformation  of  Y'^lumina  to  a-alumina. 
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(c)  SURFACE  AREA  STABILITY  OF  ESSO  500 
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(C)  STABILITY  CHARACITRISTICS  OF  ESSO  500 
SERIES  CATAI.YRTsd) 


1/8"  L  pellets 
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AJ^PKNDI  X  A 

( C )  CAT ALY  ST  1'  1  R1^X;  DATA  -  ^5  ™L' 


Catalyst  No.  428-73 
( Esso  _ 


Description: 


12%  Ruthenium  on  33%  Cobalt 
Impregnated  Preformed  1404  1/8 
Alumina 


Fuel  Temp. ,  C 

Bed  Start-up  Temp.  “C 

Bed  Inlet  Steady  Temp.  “C 

Bed  Center  Steady  Temp.  °C 

Bed  Inlet  Steady  Pressure,  psig 

Bed  Outlet  Steady  Pressure,  psig 

Bed  Pressure  Drop,  psi 

Ignition  Spike  Pressure,  psi 

Ignition  Delay  msec.* 

Wt.  %  Catalyst  Loss  and  Fines/Cold  Start 
Pulse  Duration,  sec. 

Remarks 


Run  No . 


1 

2 

3 

4 

5 

6 

OA  —  —  —  - 

24 

24 

60 

70 

60 

60 

158 

310 

240 

235 

245 

230 

158 

300 

760 

915 

915 

915 

0 

spike 

180 

162 

150 

145 

0 

spike 

115 

115 

115 

122 

__ 

— 

65 

47 

35 

23 

4,000 

7,800 

1,000 

500 

400 

700 

0 

2 

—  ----- 

15 

15 

15 

15 

*anffiriflor"dtrd'"trme"whirifap;r^  -ecs 


in  our  test  system. 
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(C)  Al’PKNinX  A 


Catalyst  No.  428-74 
(Ksso  201) 


Uescr tption : 


Fuel  Temp. ,  “C 
Bed  Start-up  Temp.  °C 
Bed  Inlet  Steady  Temp. 

Bed  Center  Steady  Temp.  “C 
Bed  Inlet  Steady  Pressure,  psig 
Bed  Outlet  Steady  Pressure,  psig 
Bed  Pressure  Drop,  psi 
Ignition  Spike  Pressure,  psi 
Ignition  Delay  msec. 

Wt.  %  Catalyst  Loss  and  Fines/Cold  Start 
Pulse  Duration,  sec. 

Remarks 


lOZ  Ruthenium  on  CO- 
Prccipi tated  Oxide  Sintered 
Cobalt  Alumina  (75%  Cobalt) 

_ Run  No. _ _ 

1 _  2  _2  4  5  6  7  8  ~ 

- 25  - 

25 
205 
830 
105 

95  90 

40  5  5  5  15  15 

-  not  recorded  - 

4,500  1,100  900  1,000  1,100  550  120  2,100 

- 0.5 - 

2  2  15  15  15  5  5  2 


25 
375 
385 
25 
20 
5 


60 

510 

635 

27 

25 


65 

220 

845 

120 

80 


65 

850 

850 

105 

100 


65 

900 

860 

105 

100 


116  240 

235  240 

830  830 

95  110 

90 
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(C)  APPENDIX  A 

PERFORMANCE  OF  ESSO  500  SERIES  CATALYSTS  IN 
THE  5  LB.  THRUSTER _ 


Data  Code 

P^  =  Hydrazine  Tank  Pressure,  psig 

»  Upstream  Reactor  Chamber  Pressure,  psig 

P^  =  Downstream  Reactor  Chamber  Pressure,  psig 

AP  =  Bed  Steady  State  pressure  drop,  psi 

T  ^  =  Bed  Ignition  temperature,  °C 
(Bed) 

Tj^  =  Upstream  Reactor  Chamber  Temperature,  C 

T  *  Downstream  Reactor  Chamber  Temperature,  C 
2 

Spike  -  Ignition  spike  pressure  -  Reactor  Chamber  pressure,  psi 
DUR  “  Hydrazine  pulse  duration* s.  :s. 

DT  -  Ignition  Delayt  msecs. 


*Ignition  Delay  time  does  not  include  valve  response  and  fuel 
flow  dead  time  which  is  approximately  60  msecs  in  our  test  syst 
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(C)  AITKNDIX  H 
CATALYST  PREPARATION  V Kl)_CKH 

I’locess  for  Preparing  Ksso  101  Hydrazine 
_ Decomposition  Catalywtb _ _ _ 

Basis  100  gms  of  Final  Catalyst 

•  Add  443  gms  of  Co(N03)2’6  H2O  and  229  gms  of  \1(N03)*9  H2O 
to  1000  cm3  of  distilled  H2O. 

o  To  this  solution  add  120  gms  of  NH^HC03. 

•  Allow  to  stand  overnight. 

•  Heat  solution  to  ISO^F. 

•  Add  an  additional  175  gms  of  NH4HCO3. 

•  Filter  solution  in  a  Buchner  Funnel. 

•  Dry  filtrate  for  18  hours  at  120®C. 

•  Calcine  for  4  hours  at  750®C  in  air. 

•  Press  into  1/8"  D  cylindrical  pills. 

•  Reduce  at  950°F  for  6  hours  in  hydrogen. 

•  Passivate  by  slow,  careful  drying  in  methyl  alcohol. 
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(i:)  A1'I*1;N1)1X_1}  (Ci.nt'd) 

I’roci'ss  t  or  I’ropar  i  i»k  Ksso  '>()()  Sj)()iitaneoiJS 
Itydrimjio  l)t“oi^i!|)(^si  C;Ua_l^.sls_  _ 


•  ttlgti  purity  silica-alumina  is  lioatod  to  1800“!’  for  5  liocrs  in  air  to 
stabilize  tlie  substrate  lattice. 

•  A  solution  of  "dopant"  salt  is  prepared  by  dissolving  50  gms  of  an 
alkaline  earth  nitrate  salt  in  1  liter  of  deionized  H^O. 

•  The  stabilized  silica-alumina  is  saturated  with  the  dopant  solution, 
dried  in  air  at  250°F  for  2  hours  and  calcined  at  750°F  in  air  for 

5  hours.  This  procedure  is  repeated  until  the  desired  dopant  level 
is  reached. 

•  A  ruthenium  trichloride  solution  is  prepared  by  dissolving  25  gms 
of  RUCI3  in  an  isopropyl  alcohol-H20  mixture  (90  vol .  %  Isopropyl 
alcohol) . 

•  The  doped  substrate  is  saturated  with  the  ruthenium  trichloride 
solution,  dried  at  250‘’F  for  2  hours  and  calcined  at  750°F  in  air 
for  an  hour.  This  procedure  is  repeated  several  times  until  the 
desired  metal  level  is  reached.  30  wt  %  Ru  in  the  Esso  500  series. 

•  The  calcined  catalyst  is  reduced  in  flowing  hydrogen  for  5  hours 
at  lOOO-F. 
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In  addition  to  security  requirements  which  must  be  met,  this  document  is  subject  to 
special  export  controls  and  each  transmittal  to  foreign  governments  or  foreign  na¬ 
tionals  may  be  made  only  with  prior  approval  of  AFRPL  (RPPR/STINFO)  ,  Edwards,  Cal. 


ta.  tPONaORINO  MlklTART  ACTIVITY 


Air  Force  Rocket  Propulsion  Laboratory 
Edwards  Air  Force  Base,  California 


(C)  A  low  cost,  active,  highly  stable  hydrazine  monopropellant  decomposition 
catalyst  has  been  developed.  This  catalyst  labeled  Esso  500,  utilizes  ruthenium 
for  its  active  component  and  thus  does  not  contain  any  costly  and  strategically 
limited  iridium  metal.  Laboratory  and  5  pound  thruster  studies  conducted  at  Esso 
Research  and  Engineering  Company  and  5  and  25  pound  thruster  studies  conducted  at 
the  Air  Force  Rocket  Propulsion  Laboratory  indicate  that  Esso  500  is  highly  active 
at  low  ignition  temperatures  and  shows  unusually  high  resistance  to  loss  of 
surface  area  during  motor  firing.  Data  obtained  at  both  laboratories 
actually  indicated  that  Esso  500  showed  no  loss  of  surface  area  after  up 
to  24  minutes  of  pulse  mode  firing  with  hydrazine. 

(U)  A  cobalt  containing  catalyst  called  Esso  101  was  also  developed.  This 
catalyst  has  much  lower  activity  than  Esso  500  for  hydrazine  decomposition  at  5°C. 
Esso  101,  however,  is  active  at  higher  temperatures  and  can  be  employed  where  short 
ignition  delays  at  low  temperature  is  not  required  and  where  extremely  low  cost 
is  a  desired  property. 

(U)  Results  of  studies  with  various  cobalt  containing  catalysts,  cobalt-noble 
metal  hybrid  catalysts  and  ruthenium  containing  catalysts  using  several  different 
substrate  materials  are  also  reported. 
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